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        This thesis presents the design and development of a bench-top electro-
adsorption chiller (EAC) which is a mini chiller that combines the operation of 
thermoelectric and adsorption cycles. The design of EAC eliminates the need for 
mechanical compressor systems and fluid control, making the chiller almost 
maintenance free. The symbiotic amalgamation of the electron and photon flows in 
the thermoelectric modules match the heating and cooling process needed in the 
adsorption cycle. Thus, the electro-adsorption chiller is (a) compact (b) scale 
independence (c) nearly free of moving parts (with the exception of fan) (d) efficient 
in converting input power to cooling (e) production from existing technologies and (d) 
use of the  environmentally-friendly adsorbate- adsorbent pair. 
        A computer control system, using HPVEE software, performs the bath operation 
of the absorber and desorber beds (the hot and cold junctions) by controlling the 
polarity of the electrical input to thermoelectric modules and the same software also 
manages the opening/closing of the electromagnetic valves and fans. Experimental 
data are recorded by an on-line data acquisition system. 
       Silica gel + water working pair, being environmentally benign, is selected 
because of its relatively low temperatures for desorption (below 100oC) and the vapor 








A  Heat transfer area of evaporator      m2
b  Constant of Langmuir Isotherm equation      --- 
0b  Pre-exponential factor    --- )/exp(0 RTHbb ∆−=
fc     Specific heat capacity of the copper foam                                       J/kg K 
Sc         Specific heat capacity of stainless steel evaporator vessel           J/kg K 
wc         Specific heat capacity of refrigerant (Water)                                J/kg K 
qc         Specific heat capacity of Quartz Plate                                           J/kg K 
CFM    Cubic feet per minute    ft3/min  
COP   Coefficient of Performance  ---  
ADSCOP  Coefficient of performance of adsorption chiller --- 
NETCOP  Net coefficient of performance of proposed electro-adsorption chiller ---  
TECOP    Coefficient of performance of thermoelectric   ------ 
MAXCOP  Maximum Coefficient of Performance     ----- 
fgh  Latent heat of water               J.kg
-1
I          Current  A  
HK  Henry’s constant                 Pa
-1
0K  Pre-exponential constant in Tóth’s equation              Pa
-1  
fm       Mass of the copper foam                                                                    kg 
Sm        Mass of stainless steel evaporator vessel                                           kg 





qm        Mass of Quartz Plate                                                                           kg 
P  Pressure                                        Pa 
Pcond Condenser pressure                 Pa 
Pevap Evaporator pressure                           Pa 
INP      Electrical input power                 W 
P        Thermoelectric input power  W  
q Fraction of refrigerant adsorbed by the adsorbent   
                                                                                          kg / kg of dry adsorbent 
adsq  Fraction of refrigerant adsorbed by the adsorbent during adsorption 
                                    kg / kg of dry adsorbent 
desq  Fraction of refrigerant adsorbed by the adsorbent during desorption 
                       kg / kg of dry adsorbent 
mq    Monolayer capacity                    kg / kg of dry adsorbent 
q ′′        Heat flux provided by heating system    W/cm2
EVAPQ  Cycle-average cooling rate of the overall device or the rate of heat  
extraction at the evaporator       W 
TEHQ ,  Cycle-average value of thermal power absorbed at the cold  
junctions that drive refrigerant adsorption          W 
TELQ ,    Cycle-average value of thermal power rejected at the hot junctions  
that drive refrigerant desorption     W 
LOSSQ    Heat loss to environment from evaporator                            W 
R Universal gas constant           J/ kg.K or J/mole.K 





t           time             second  
Tevap   Evaporator temperature temperature                      oC or K 
Tload   Evaporator load surface temperature         oC or K 
 
TE         Thermoelectric     --- 
U Over all heat transfer coefficient of evaporator        W/ m2.K 
V          Voltage      V  
q∆  The difference between the amount adsorbed ( desads qqq −=∆ ) 
              kg of water vapor per kg of silica gel 
Q∆      Total heat absorbed by evaporator      W 
∆Τ     Temperature difference between thermoelectric junctions       oC or K 
∆T Average temperature difference between load surface and evaporator  
                                                                                                                   oC or K   
adsh∆  Isosteric heat of adsorption              J.kg-1 
Hads∆  Isosteric heat of adsorption              J.kg-1 
dt
dT       Temperature gradient               (oC or K) .s-1
 
Subscripts 
LOAD      Load 
TE                Thermoelectric 
ADS         Adsorber/ adsorption 
H             Hot junction 
L              Cold junction 
EVAP    Evaporator 
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Chapter 1.  Introduction 
1.1 Background 
     The development of a miniaturized chiller is a challenging topic in the study of 
cooling science technology, in particular for microelectronic appliances such as the 
personal computer (PC). One of the main bottlenecks faced by the CPU development 
in the personal computers is the thermal management problem where at high clock 
speeds, the CPU of computer may reach a temperature greater than 80oC. Figure 1.1 
shows the power consumption of the latest CPUs available commercially where the 
rate of heat generation increases to 75.8 W for the Athlon 64 processor and  104.5 W 
for the Pentium 4570 [1]. Given that the surfaces of theses CPUs are typically having 
a total heat dissipated area of 16 cm2 (4 cm × 4 cm), the heat fluxes from the state-of-
the-art CPUs are raging from about 2 W/cm2 to 7 W/cm2. At these heat fluxes, the 
conventional air cooled methods resulted in high chip surface temperature, typically 











Figure 1.1 Power consumption of the latest CPUs [1]  
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     From the literature, cooling of CPUs is performed by two methods, namely (1) 
passive and (2) active cooling. The simplest method of passive cooling is convective 
air-cooling. This involves a heat sink, and one or more fans are put on top of it.  Heat 
from hot chip spreads over a larger surface of the heat sink and dissipates to the 
surrounding. Cold air is supplied by the fan. To increase heating dissipation rate, heat 
transfer area of heat sink and fan power need to increase. This method might cease to 
satisfy the constraint of compactness for future generations of CPU that will require at 
least an order of magnitude higher cooling density.  
      Another method of cooling is passive thermosyphon and it has no moving parts 
except one or more cooling fans at the condenser [2]. However, this device is 
orientation dependent as it relies on the gravitational effect to feed condensate from 
the condenser, which is located at a higher elevation to the evaporator. 
Thermosyphons equipped with mini pumps have also been proposed [3] where 
condensate is pumped by a mini pump from the condenser back to the evaporator. 
This scheme allows form the possibilities of forced convective boiling; jet-
impingement of condensate or spraying of condensate at the evaporator which will 
effectively enhance the boiling characteristics and the cooling performance. 
     A third method found in the literature is heat pipe cooling [4-6] that uses the 
capillary effect of wick materials to pump condensate back to the evaporator, is 
orientation independent and has found applications in “laptop” PCs.  The evaporating 
end of the heat pipe is judiciously arranged over the CPU while the condensing end of 
the same is laid out so as to increase the surface area of the heat sink. The advantages 
of the heat pipe cooling are that thermal energy is moved away from the hot area, and 
spread over a larger area for dissipation without needing any additional energy. 
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In the active method, thermoelectric chiller, vapor compression chiller, adsorption 
chiller and electro-adsorption chiller are included. Thermoelectric chillers [7-12] are 
often found in the cooling of the computer chips, but at high thermal-lift (TH-TL) and 
high flux, they suffer from inherently low COP where the electrical power input is 
unacceptably high. Owing to low COP, the rate of cooling is greatly reduced. Hence, 
thermoelectric chiller is restricted to applications where the power density is low.  
       Mini vapor compression chillers [13] that can provide higher COP, have also 
found application in cooling the CPU. Its evaporator is arranged over the CPU while 
the mini condensing unit is positioned outside the computer chassis. As many moving 
parts are involved in the compressor, they have to be made highly reliable. In further 
scaling down of the compressor for miniaturized cooling applications, compressor 
efficiency would be low. 
       Adsorption chillers [3] have been proposed to cool electronic devices in space 
capsules. Such devices are virtually free of moving parts, except for the on-off valves 
that separately connect the beds to the evaporator and condenser and are therefore 
highly reliable. Since adsorption and desorption of refrigerant on the solid adsorbent 
are primary surface effects, rather than bulk phenomena [14, 15], adsorption chillers 
have the potential of being miniaturized [16]. A refrigerant such as water is 
exothermically adsorbed, endothermically desorbed from the porous adsorbent, which 
is usually packed in the heat exchanger of a reactor having good heat transfer 
characteristics. However, the COP of commercial heat driven adsorption chillers is 
obstinately low, typically in the range of 0.3-0.6 for typical air-conditioning and 
process cooling. The intrinsically low COP is related to: (1) small temperature 
differences among the reservoirs; and (2) the batch-wise system operating 
characteristics of such chillers. 
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      In 2002, Ng at al [17, 18] has panted (US Patent No.6434955B1) a miniaturized 
chiller that symbiotically combines the adsorption and thermoelectric cooling cycles 
and, has been proposed for cooling in the field of personal computer, microelectronic 
appliances and personal cooling. Although the efficiency of the cooling cycle is 
individually low, the cooling density of electro-adsorption chiller is substantially 
improved by the amalgamation of an adsorption cooling cycle and a solid state 
cooling cycle. In the electro-adsorption chiller, the two junctions of a thermoelectric 
device are separately attached in a thermally conductive but electrical non-conductive 
manner to two reactors [19, 20]. When a direct current is applied to the thermoelectric 
device, the bed attached to the cold junction provides cooling effect of an adsorber 
while the second bed, attached to the hot junction, provides the heating effect of a 
desorber. With a reversal of current flow through the thermoelectric device, the roles 
of the junctions are alternated, and the roles of the beds are consequently changed to 
operate in a batch-manner. Through the use of appropriate valves and their timings, 
the outlets from the two beds are connected to the condenser and evaporator. 
 
1.2 Objectives  
       This thesis describes the design and fabrication of a bench-scale electro-
adsorption chiller, that has the salient features of (i) high cooling density,(ii) relatively 
high COP and (iii) low maintenance with no moving parts. A prototype EAC is 
constructed to investigate the system performance in response key system parameters 
such as the rate of firing of the thermoelectric, the power density of evaporator, the 




Chapter 1. Introduction 
 
 
1.3 Thesis organization 
The thesis is organized as follows: 
Chapter 1 introduces the background of an electro-adsorption chiller. Chapter 2 
discusses the theory of adsorption, adsorption isotherms, adsorption and 
thermoelectric cooling cycles. The patented electro-adsorption cooling cycle is also 
described in detail. Chapter 3 highlights the design considerations and fabrication 
details of the prototype. Chapter 4 describes the experimental procedures and also the 
test results obtained from the experiment. Chapter 5 outlines the conclusions of the 
thesis together with the recommendations for the future prototype.  
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Chapter 2. Literature review 
       This chapter has four sections: In Section 2.1, the theory of adsorption and 
adsorption isotherm models, proposed in literature is discussed. Section 2.2 presents 
the adsorption cooling cycle and highlights the draw-backs of conventional chillers 
when miniaturized. Thermoelectric cooling systems that have been of increasing 
interest and their applications to electronic cooling are presented in Section 2.3. In 
Section 2.4, the cooling cycle of an EAC is further discussed. 
 
2.1 Theory of adsorption and adsorption Isotherms 
       Adsorption occurs when the concentration of gaseous molecules is exposed to the 
pore surface of an adsorbent, and there are two types of sorption processes, namely, 
(i) the physical adsorption (physic-sorption) and (ii) the chemi- sorption. Physi-
sorption is attributed to the presence of Van der Waals forces and electrostatic forces 
between adsorbate molecules and the pores [21]. Chemi-sorption involves the 
formation of a chemical bond between the adsorbate molecule and the surface of the 
adsorbent. The terms adsorption (exothermic) and desorption (endothermic) indicate 
the up-take and off-take of adsorbate to the pore surfaces, respectively, as shown in 







Figure 2.1 Schematic diagram of adsorption/ desorption phenomena [20] 
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The thermodynamic functional relation of an adsorbent + adsorbate system at the 
equilibrium, can be expressed in the general forms depending of the process paths; i.e, 
 i )  q = f (P, T) for gas adsorption 
 ii ) q = f (P), T = constant for gas adsorption isotherm 
 iii) q = f (T), P = constant for gas adsorption isobar and 
 iv) P = f (T), q = constant for adsorption isostere. 
       Of these mentioned relations, the amounts adsorbed at the equilibrium pressure 
and constant temperature, or an adsorption isotherm is most useful for adsorption 
chiller design. Adsorption isotherms have been described in many mathematical or 
empirical forms and some these models, commonly found in the literature, are 
tabulated in Table 2.1.  
Table 2.1 Some of the common isotherm models found in the literature. 
Name of Adsorption Isotherm model Adsorption Isotherm Equation 
Langmuir isotherm [ 22] 
Pbqqq mm
1111 +=  
Linear isotherm (Henry’s Law) [22] PKq H=  
Where, mH bqK =  = Henry’s constant 
and  )/exp(0 RTHbb ads∆−=
Freundlich isotherm [22] nAPq
1=   
Where )/exp(0 RTHAA ads∆−=  
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2.2 Adsorption cooling cycle 
      A two-bed adsorption chiller, as shown in Figure 2.2, consists of a condenser, an 
evaporator and a pair of sorption beds (adsorber and desorber) in which cooling is 
generated at the evaporator by an evaporative process and exothermically adsorbed 
onto the adsorbent. Heat is removed by cooling fluid to maintain the adsorption 
process until the end of cycle time. Concomitantly, a desorber rejects the refrigerant 
via a heating source. The desorbed refrigerant is condensed in the condenser which is 
cooled by circulating coolant and the resulting condensate is fluxed back to the 
evaporator via a U-tube to accommodate the pressure difference. Each bed alternates 
between its roles as an adsorber and a desorber in the bath-operated cycle, by 
switching the flow of both cooling and heating fluids to the respective beds. During 
switching, both beds are isolated from the evaporator and condenser momentarily and 















Figure 2.2 Schematic diagram of a two-bed adsorption chiller 
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              By scaling down, the efficiency of conventional mechanical (vapor-
compression) and adsorption chillers [23] may not achieve a superior level. This is 
because the governing heat and mass transfer process, and the principal mechanical 
components are scale-dependent. However, the major irreversibilities of conventional 
chillers are due to the bulk effects, such as the fluid friction due to coolant, mass 
transfer in solutions, gas expansions, etc. The relative irreversibilities increase sharply 
as the system become smaller, and thus, the efficiency of the chillers would be 
lowered due to the combination of its unfavorable ratio of surface area to volume. For 
example, compressors in the conventional mechanical chillers would have a sizable 
loss of efficiency when miniaturized and the scaling down of fluid pumps and control 
systems is not encouraged [24].  However, the adsorption cycle tends to have 
disadvantages such as (a) low COP and (b) loss of substantial performance due to 
scale-down of fluid pumps and coolant loops. 
 
2.3 Thermoelectric cooling cycle 
       A thermoelectric module as shown in Figure 2.3, comprises the P-N elements 
which are connected electrically in series and thermally in parallel. These P-N 
elements and the electrical interconnecting plates are housed between two ceramic 
substrates. When a current is applied, excess electrons in N-type element and the 
holes in the P-type material are acting as carriers which move the thermal energy 
through the thermoelectric material. This arrangement in the modules allows heat 
removal through the thermoelectric cooler in one direction [12] and one end of the 
module becomes cold and the opposite end becomes hot. During this period, electrons 
pass from a low energy level in P-type material through the interconnecting conductor 
to the higher energy level in the N-type material and the temperature of one end 
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decreases. The temperature of the other end of the module increases rapidly because 
electrons transport the adsorbed heat through the semiconductor material to this end. 












Current ( I ) 
Cold end 
Hot end 




Figure 2.3 A typical thermoelectric module 
     When current reverses its direction from the N-type to the P-type material, the cold 
end becomes hot and the hot end gets cold. That means reversing the direction of the 
current and the temperature of the hot end and cold side. The heating or cooling 
capacity of thermoelectric module is proportional to the magnitude of the applied DC 
electric current [7-11]. The thermoelectric chiller [7-12] that generally uses N-type 
and P-type Bismuth Telluride (Bi2Te3) materials is shown in Figure 2.4. The COP 
(Cooling Power produced/ Input Power) of the thermoelectric chiller is generally low 
depending on the temperature difference (∆Τ ), typically ranging from 0.1-0.4. It is 
compact and absent of moving parts. It also represents the most direct way of utilizing 
electricity to pump heat and its efficiency is independent of scaling because energy 
transfers derive from movement of electrons. Systems employing the thermoelectric 
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Peltier effect are generally less efficient than vapor-compression systems but they are 











Figure 2.4 A typical thermoelectric cooler 
 
2.4 Electro-adsorption chiller (EAC) 
       Ng at el. (2002) proposed an electro-adsorption chiller (EAC) that symbiotically 
combines the adsorption cooling and thermoelectric cooling cycles. The EAC chiller 
can avoid the efficiency problems faced in miniaturizing an adsorption chiller. The 
usual mechanically-pumped coolant loops needed to switch the heating and cooling 
fluid between the adsorber and desorber beds are replaced by electron flow in the 
thermoelectric. The technology of coupling a thermoelectric device to a pair of 
adsorber and desorber is not new [25, 26] and it has been applied to humidification, 
dehumidification, gas purification and gas detection. The amalgamation of the 
thermoelectric and adsorption cycle is now (1) compact, (2) (nearly) free of moving 
parts (the lesser, the smaller), (3) highly efficient coefficient of performance (COP), 
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(4) capable of high cooling densities (in W /cm2) and (5) free of toxic and 
environmentally-harmful substances. The EAC is exceptionally suitable as a compact 
and high efficient chiller due to the following advantages: 
-    Scale independence- allows chiller miniaturization and system compactness. 
-    No coolant loops- eliminate fluid pumps and fluid control systems. 
-    Production of existing technologies- No new materials or   components need  to be 
developed. 
-    Modularity- offers the possibility if assembling prescribed cooling rates from a  
      number of miniaturized cooling units. 
-    Fabrication from no-toxic environmental- friendly materials.   
             The cooling principle of an EAC is similar to that of adsorption chiller, but 
one of the main differences is that the heating to desorber and cooling of adsorber are 
replaced by the electron flow of the thermoelectric. The switching of adsorber and 
desorber is effected by alternating the polarity of the electrical input to the 
thermoelectric circuit. The thermoelectric junctions are separately attached to the two 
beds (adsorber and desorber bed) of the adsorption chiller in a thermally conductive 
but electrically non-conductive manner. The cold junction of the thermoelectric 
module absorbs thermal power in driving the adsorption of refrigerant (e.g., water) 
onto the adsorbent (e.g., silica gel) in an adsorber bed. Concomitantly, the hot 
junction emits thermal power for the desorption process. There will be no refrigerant 
flows into or out of the beds during the heating (desorption) and cooling (adsorption) 
of the beds and this is controlled by small on/off valves.  
       A timed controller activates the opening and closing of the valves, after adequate 
heat transfer is effected. Heated refrigerant from the desorber is released to an air-
cooled condenser to reject heat to the environment. Vaporized refrigerant created in 
 12
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the evaporator chamber which in turn cools the load of interest is fed to the adsorber. 
The cooling cycle can be completed by reversing the roles of adsorber and desorber. 
In this case, bed switching is performed simply by reversing the polarity of the 
voltage V applied to the thermoelectric circuit. The previously cold junction becomes 
hot and vice versa. The heating and cooling of the two beds is then repeated, along 
with the flow of refrigerant to and from the condenser, evaporator, adsorber and 
desorber, and the cycle is now completed [17, 18]. 
 
2.4.1 Adsorbent-adsorbate pair 
       Some of the commercially-available adsorbent-adsorbate pairs are silica gel-
water, zeolite-water, activated carbon-methanol and silica gel- methanol. Among 
these pairs, the silica gel-water [17, 18] is found to be suitable for the EAC chiller 
because silica-gel has a comparatively large uptake capacity for water and the 
temperature of heat source for regeneration is less than 90oC. Water has a high latent 
heat of evaporation and it is suitable as the refrigerant. 
 
2.4.2 Performance of an electro-adsorption chiller 
       The electro-adsorption chiller embodies a combined regenerative thermodynamic 
cycle. Heat that would normally be rejected to the environment by the thermoelectric 
device is now recovered to drive the refrigerant desorption in the adsorption chiller. In 
addition, heat that would ordinarily be rejected by the adsorber to the environment is 
partially regenerated by the thermoelectric device at its cold junction. Owing to 
regeneration the COP of an electro-adsorption chiller is far larger than conventional 
chillers, despite the low COPs of their individual chiller cycle [14]. Figure 2.4 
highlights the derivation of the net COP of the proposed electro adsorption chiller. 
 13














=                                                                   (2.2)                        
From the First law of Thermodynamics 
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Figure 2.5 A block diagram to highlight the coefficient of performance of the       
             thermoelectric cooler, the  adsorption chiller and the combined 
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Chapter 3.  Design, development and fabrication of an electro-adsorption chiller 
3.1 Introduction. 
       This chapter describes the design and fabrication procedure of an electro-
adsorption chiller. Such an EAC is designed for cooling of personal and other 
microelectronic appliances.  
3.2 Characteristic of major units 
      The design of an electro-adsorption chiller is based on the principles and concept 
stated in Chapter 2 (Section 2.4) and its schematic layout is shown in shown in Figure 
3.1. Based on these concepts, the design of an electro-adsorption chiller consists of 
three major parts; (1) Evaporator (2) Reactor beds (adsorption/ desorption beds) and 
(3) Condenser. In the following sections, the details of each of the major components 
are described.  
 
(Qext ) 
Figure 3.1 A schematic layout of an electro-adsorption chiller 
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     The evaporator consists of a NW100 stainless steel tube body (Figure 3.2), a NW 
100 stainless steel blanking flange, a NW 100 quartz view port and standard vacuum 
fittings. The two flanges are put on top and bottom of the quartz tube to form a 
vacuum enclosure with the centering O rings and clamping screws. Two NW 25 glass 
view ports are fabricated at the two side of stainless steel tube (100mm high and 70 
mm inside diameter) body to observe the pool boiling and the level of refrigerant. A 
pressure transducer (Active strain gauge, accuracy ± 0.2 % full scale, temperature 







Figure 3.2  Evaporator enclosure  
     Three ports are provided at the top plate (NW 100, St. Steel, 12 mm thickness) 
where short pipe sockets (DN 10, St. Steel) are welded. Two short pipe sockets are 
connected to the reactors via electro-pneumatic gate valves (DN 16 VAT, pressure 
range mbar to 2 bar) and flexible hoses. The third one is connected with a 
temperature sensor (RTD, YSI 400 series, 0.1% accuracy) and diaphragm valve (to 
connect a vacuum pump). The electrical lead through (TL8K25, 8 pins EDWARDS) 
is placed in the big port with viton O’ ring and screw. A compressive force applied to 
7101 −×
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an enhancement material that is placed on top of the bottom plate is provided by a 5 
mm diameter stainless steel rod where adjustment is done by a compression fitting 
(located at the center of top plate) and a NW 10, stainless steel flexible tube (Figure 
3.3). To hold vacuum, one end of the flexible tube is welded with the top plate and the 




(Reactors) Temperature sensor 
Evaporator top plate 
Lead through 
Flexible hose 
(To press copper foam) 
Figure 3.3 Evaporator top plate  
        Water refrigerant  is charged (or removed) into (or from) the evaporator chamber 
by a diaphragm vacuum valve, which is connected to a 6.35 mm diameter stainless 
steel tube (55 mm long). This tube is welded at the side of the bottom plate 
(Figure3.4). The tube is connected with another 6.35 mm diameter, 90 mm long 
stainless steel flexible tube to allow warm condensate to flow back to the evaporator 
via a DN 10, stainless steel cross. The cross also provides the refrigerant charging and 
draining port of the evaporator.  A metering valve with U-bend is used between the 
evaporator and the condenser to create a pressure difference during operation. 
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Quartz window Drainage port 
Figure 3.4 Evaporator bottom plate 
 Copper foam (5% density, 50 ppi (width: 52 mm, Length: 52 mm (L) and 
thickness: 32mm)) is used as the pool boiling enhancement material. Normally, metal 
foams have porosities of around 90 percent and have different pore sizes where the 
pore size is characterized by the parameter; ppi (pore per inch).The foam structure 
consists of ligaments forming a network of inter-connected dodecahedral-like cells 
and the cells are randomly oriented and mostly homogeneous in size and shape. Metal 
foam can be produced at various pore size varied from 0.4mm to 3mm and net density 
from 3% to 15% of a solid of the same material [27]. Metal foams that have a high 
surface area to volume ratio and high thermal conductivity are potentially excellent 
candidates for high heat dissipating applications [27-29].  
       Copper foam (Figure 3.5) not only has a high surface area to volume ratio and 
high thermal conductivity but also has excellent capillary effect which behaves like a 
natural pump and has the ability to generate refrigerant flow far greater than the usual 
gravity effect. As a result, the foam is able to draw the surrounding liquid and makes 
all foam surface areas wet. Foam material, owing to its capillary effect, is used as a 
liquid transport material in heat pipe [30]. In addition, open cells of the foam also 
behave as the fluid re-entrance cavities which play the most important role in pool 
boiling applications [31, 32]. Therefore high thermal conductivity copper foam is one 
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kind of material that can substitute pool boiling enhancement structures that lack a 
high surface area to volume ratio, re-entrance cavities and wetting effective heat 




Figure 3.5 A 50 ppi copper foam 
 
 To measure the foam temperature, four RTD probes (0.1% accuracy, 100 ohms, 
probe diameter 2 mm, probe length 3 mm) are horizontally tight fitted into the foam. 
The lowest probe is well contacted with the inner surface of quartz plate (evaporator 
bottom plate) and is able to measure the load surface temperature. The probes are 
connected to the electrical lead through that is fabricated at the evaporator top plate. 
The assembly of the evaporator which consists of the stainless steel body, upper plate 
(attached with temperature sensor, pressure transducer, electrical lead through, 
diaphragm valve flexible hoses and compressive force providing fittings), bottom 













Figure 3.6 Evaporator assembly 
     The thermal load of the system (Figure 3.7) is provided by an infra-red radiant 
heater (heat source) with a tapered homogenizer (kaleidoscope). The kaleidoscope is 
used for radiation heat transfer between a heat source and the evaporator. The length 
of the kaleidoscope is about 1 m and the distance between the radiation heat source 
and the kaleidoscope is 150 mm. The Kaleidoscope is filled with air, its inside surface 
has a reflectivity of 0.94. A window made of fused silica (quartz) is the entry aperture 
of the evaporator. Fused silica is highly transmissive (τ › 0.9) for radiation up to a 
wave length of 2500 nm. The heat source is a square-shaped and consists of four 
parallel arrangements of tungsten wire coils. The surrounding of the heating coils is 
well insulated. Power of the heat source is provided by a 4 KW, Ashley-Edison AC 
Variable Transformer and the minimum temperature of the source is approximately 








Point 3 (After quartz plate) 
 Exit (Point 2, 
















 Kaleidoscope  
Figure 3.7 Heating system of EAC. 
2.2 Reactor bed (adsorber/ desorber bed) 
    There are two reactor beds in a bench-top electro adsorption chiller (EAC) and 
e function of the beds are to house the heat exchanging parts which allows 
sorption and desorption of water vapor at vacuum condition. The major components 
 the reactor are (1) a copper plate (2) a heat exchanger with fins and tubes and (3) a 
FE enclosure (tensile strength 6000 psi, compressive strength 3500 psi) [33]. 
The copper plate as shown in Figure 3.8, has a 3 x 3 arrangement of slots (width: 
 mm, length: 40 mm and depth: 1 mm) on the outer surface and a big slot (width: 
5 mm, length: 135 mm and depth: 1 mm) at the inner side. The slots are for the 
sitioning of nine pieces of thermoelectric modules and a heat exchanger block 
acked with silica-gel). For the location of a centering ring (DN 200), a circular 
oove (Diameter 250 mm, 3 mm wide and 4 mm deep) is machined at the rim of 
ner surface.  
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Figure 3.8 A copper plate 
The heat exchanger block as shown in Figure 3.9, which holds silica gels, 
consists of 34 slots (slot width is 3 mm and the thickness of copper wall between two 
consecutive slots, fin thickness is 1 mm). The slots are machined directly from a solid 
copper block with high precision wire cut machine. The slots are to be filled with 
silica gel and the silica gels are covered by copper mesh (40 meshes per inch). Ten 
holes (6 mm diameter) are drilled perpendicular across the fins and copper tubes are 
passed through the holes to ensure the flow of water during adsorption period. The 
ends of tubes are blazed with two 6.35 mm diameter, stainless steel flexible hoses. 
These hoses are then blazed with 6.35 mm diameter copper tubes that are able to 
connect the PTFE chamber. 
      To increase the amount of water vapor flow through silica-gel (to increase 
adsorption/ desorption capacity of silica-gel) three holes (6 mm apart from the bottom 
plate) are drilled perpendicular across the fins and three copper perforated tubes are 
fitted into them. The perforated tubes also prevent silica gel pallets (average diameter 
1.3 mm) from coming out of the holes. To measure the silica gel temperature at 
different points of the bed, four RTD probes (0.1% accuracy, 100 ohms, probe 
diameter 2 mm, probe length 3 mm) are placed inside the slot and RTD wires are 
connected to the electrical lead through ( 8 pins, TL8K25, Edwards). The heat 
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exchanger is attached to the inner slot of the copper plate with screw tight to maintain 
the contact resistance as low as possible.  
 
 Silica-gel Flexible hose Temperature sensors 




Coolant loop Figure 3.9  A copper heat exchanger 
 
The enclosure, Figure 3.10, is machined from a solid PTFE block. Five short pipe 
sockets (DN 10, stainless steel) are placed with viton O’ ring at the outer side of the 
chamber. Two ports that are located at the top and bottom side of the enclosure for 
vapor inlet and outlet. The rest three that are attached to the bottom plate of enclosure 
are for a temperature sensor (YSI 400 series, 0.1% accuracy), a pressure transducer 
(active strain gauge, accuracy 0.2% full scale, temperature range 30 oC to 130 oC, 
EDWARDS) and a diaphragm valve. A big hole (DN 25) and two small holes (DN 
10) are also machined at the bottom of enclosure for the electrical lead through (8 
pins, TL8K25, Edwards) the inlet and outlet port of 6.35 mm diameter external 
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The copper plate attached with the silica-gel packed heat exchanger is placed into 
the PTFE enclosure with DN 200 Centering O ring. Compressive force is applied 
from nine screws that are located at the rim of the copper plate and enclosure. 
[Note: Before assembling, the four RTD sensors that measured silica-gel temperature 
are connected to the electrical lead through. The inlet and outlet of the cooling loop of 
heat exchanger are fitted with DN 10 customized fittings and well placed at their 
locations machined at the bottom plate of enclosure] To hold vacuum, all necessary 
screws and nuts are carefully tightened. Thermoelectric modules (Melcor, UT8-12-
40-F1, 3 series and 3 parallel connections) are placed at the slots that are located at 
the outer surface of reactor (outer surfaces of copper plate). The reactor is now ready 
to attach to another reactor that is fabricated as the same procedures.  
     The two reactors are joined (with thermoelectric devices centered) when a 
compressive force is applied from four sets of stud and nut at quadrants of the two 
reactors. To reduce thermal resistance and to enhance heat transfer, Arctic silver 
thermal grease and double sided carbon sheets [34, 35] is well-applied between 
thermoelectric modules and the copper plates. The fabrication of two reactors (Figure 
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3.11) is fully completed when electro-pneumatic gate valves (normally close, 230 
volts, operating pressure 4.5 to 7 bar), diaphragm valves (to connect a vacuum pump), 
pressure transducers (active strain gauge, accuracy 0.2% full scale, temperature range 
30 oC to 130 oC, EDWARDS) and temperature sensors (RTD, YSI 400 series, 0.1% 
accuracy) are placed at their positions on the two reactors. 
 





Copper plate fixed 
with heat exchanger Studs and nuts 
Figure 3.11 Formation of reactor beds 
 
3.2.3 Condenser 
       The copper condenser (Figure 3.12) is an air-finned type and has a cross air-flow 
arrangement. It consists of two tube-centered fin bundles, a vapor collector and a 
condensate collector tube. Since each tube-centered fin bundle is machined from a 
copper block to achieve 42 parallel fins centered by a 160 mm length tube (inside 
diameter 10 mm, outside diameter 14 mm thus the wall thickness is 2 mm), there is no 
contact resistance between the fins and copper tube. The distance between two fins 
(width: 50 mm, length: 50 mm thickness: 1 mm) is 3 mm. The condenser is connected 
to the inlet and outlet squared collector tubes (Each collector has outside dimensions 
20mm (W) × 20mm (L) × 76mm (H), inside dimensions 16mm (W) ×16mm (W) × 
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72mm (W). Thus, the overall wall thickness of the collector is 2mm) and the 
condenser might provide sufficient heat transfer area to reject heat to the environment 
with the help of an AC fan (30 Watt, 140 CFM, 230V). Condenser pressure, inlet and 
outlet temperatures can be monitored through three copper ports (DN 10), which are 
machined and blazed to the inlet and outlet collector tubes. For the refrigerant inflow 
and outflow, two copper ports are machined and blazed to the top and bottom of two 
collector tubes. Two YSI (400 series, 0.1% accuracy) thermistors are used to measure 
the refrigerant temperature at the inlet and outlet of the condenser. The pressure of the 
condenser is continuously monitored by a BOC Edwards pressure transducer (Active 
strain gauge, accuracy 0.2 % full scale, temperature range from 30 ± oC to 130 oC). 
 
Water vapor 












Figure 3.12 A copper condenser  
 
3.2.4 Inter-connections 
     The connections between the evaporator and the reactors, and those between the 
condenser and the reactors, are performed by the flexible hose (DN 10, stainless steel) 
and DN 16 electro-pneumatic gate valves (normally close, 230 volts, operating 
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pressure 4.5 to 7 bar). The flexible hoses are joined to the reactors (or 
evaporator/condenser) with standard vacuum fittings such as centering ring with “O” 
rings and clamping rings. Two flexible hoses at the outlet of reactor beds are 
combined and led to condenser through a “Y” fitting and a tee. To vacuum the 
system, an Edwards rotary vane pump is used and argon gas cylinder is connected to 
the test facility with a manually valve and a special DN 10 stainless tee. 
 The outlet port of the condenser is led to the evaporator via a DN 10 stainless 
steel flexible tube, a 6.35 mm metering valve and a 6.35 mm convolute stainless steel 
tube. The water vapor quality at the outlet of the condenser can be observed through a 
DN 10, 70 mm quartz tube, which is located between the condenser and the metering 
valve, and the metering valve is used to control the flow rate of liquid refrigerant from 
the condenser and create a pressure differential between the condenser and the 
evaporator. There is also a DN 10 to reducer connected between the quartz tube and 
the metering valve.  
The convolute tube is joined to the evaporator condensate port by using a 6.35 
mm Cajon O ring fitting. The evaporator, two reactor beds and condenser are 
connected to a two-stage rotary vane vacuum pump (BOC Edwards pump) separately. 
All connection facilities are shown in Figure A.25 (Appendix B). 6.35 mm diameter 
copper tube, 90o elbows and tees are used to form external cooling loops. The cooling 
loops are then joined to two water baths that are set as different temperature. To 
ensure cyclic cooling of the beds and to by-pass the cooling and heating liquid, eight 
pieces of solenoid valves are cooperated in the cooling loops. A fully fabricated and 

















































































Figure 3.14 A prototyped EAC (After insulated) 
 
3.3 Data acquisition and control systems 
        In this experiment, the data acquisition unit (Figure 3.15) includes an Agilent 
(34970 A) Data Acquisition System, BOC Edwards TIC (Turbo Instrument 
Controller) pressure acquisition system and a personal computer. The Agilent Data 
Acquisition unit is used to accurately capture the required temperatures at the 
evaporator, reactor beds and condenser sections through the T-type thermocouples, 
thermisters and RTD sensors. TIC controller unit is used to monitor the pressure of 
evaporator, reactor beds and condenser. Agilent and TIC controller softwares are 
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installed in a personal computer. The calibration of pressure transmitters, temperature 









Figure 3.15 Data acquisition Units  
      Power input to the thermoelectric cells is provided by An 
(0~60Vdc, 0~50A, 1200W, GBIP auto ranging) DC power supplies. 
adsorption chiller is a fully automatic, batch operating machine; a co
shown in Figure 3.16 is necessary to control the operation sequences 
A customized computer program using HP Visual Engineering
(HPVEE) Pro version 6.1 software is used in conjunction with the EAC
the opening and closing of electromagnetic valves at different time inte
cycle, (2) reverse the polarity of the voltage supplied to the thermoele
role of the adsorber and desorber reversed after each batch cycle, (3) re
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of the machine. 
 Environment 
 to: (1) control 
rvals in a batch 
ctric so that the 
cord the power 
f EAC can be 
30

















Figure 3.16 Power supply system  
 
 
3.4 Concluding remarks 
The design and fabrication of a bench-scale electro-electro adsorption chiller 
have been successfully completed. This chiller is relatively compact, fully automatic 
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Chapter 4. Experimental investigation of an electro-adsorption chiller 
       This chapter presents the experimental investigation of a bench-scale electro-
adsorption chiller as described in Chapter 3. The experimental facility has been 
designed and fabricated and experiments have been conducted to measure the 
coefficient of performance (COP) of an intermittent cycle depending operating 
conditions. To achieve the ultimate performance of the chiller, the step by step 
performance testing procedure is described in this chapter. Experimental procedures 
and energy utilization schedules of this chiller are discussed in Section 4.1. Section 
4.2 provides result and discussion. The estimation of vapor absorbed quality and heat 
transfer coefficient of evaporator are involved in section 4.3. Concluding remarks for 
this chapter are in Section 4.4. 
 
4.1 Experimental 
           The two-bed electro-adsorption chiller (EAC) was evacuated by a two-stage 
rotary vane vacuum pump (BOC Edwards pump) with a displacement rate of  
315 ×10-6 m3 s-1. During evacuation, power was supplied to the heat source and 
thermoelectric modules to heat up the copper foam and silica-gel to remove moisture 
and air trapped from the beds and evaporator. System pressures were continuously 
monitored by the pressure transducers. When the bed and evaporator temperatures 
reached about 100oC, the power supplied was off, such that the system is cooled 
naturally to ambient temperature. After the required vacuum (about 2.00 mbar) was 
obtained, the vacuum pump was switch- off and argon gas, with a purity of 99.9995 
per cent, was charged into the system to remove any trace of residual air or water 
vapor.  
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    The evacuation and argon charging in the system were repeated until 
satisfactory vacuum conditions were achieved. Based on measurements involving 
only argon and silica gel, it was concluded that there was no measurable interaction 
between the inert gas and the adsorbent. The effect of the partial pressure of argon in 
the reactors was found small. However, the partial pressure of water vapor had been 
adjusted for the presence of argon so as to avoid additional systematic error. The 
required amount of refrigerant (400 grams) was charged into the evaporator chamber 
via a refrigerant charging unit (Figure 4.1). Prior to charging, the test facility 
(evaporator, condenser, reactor beds and piping system) was initially evacuated and 


















hose Figure 4.1 Refrigerant charging units  
ree time intervals involved in one cycle of the electro- adsorption chiller are (1) 
 time (time required for the control system to change the polarity of DC power).  
C power supply itself also needed to be switched off before switching the 
33
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polarity to prevent the possibility of an electrical shock), (2) Switching time (Time 
allowance for the thermoelectric modules for the purpose of pre-heating and pre-
cooling the beds before the vapor refrigerant entering or leaving the beds).  All 
electromagnetic valves were closed during the switching time and (3) Operation time 
(Adsorption/ desorption time requirement for the beds). Only the necessary electro-
pneumatic valves and adsorption coolant loop for external sensible cooling were open 
in this period except for the condenser fan, which was always on for continuous 
rejection of heat to the environment.  
      Water vapor was generated in the evaporator chamber as the heating power raised 
from the Infra-red radiant heater, was applied to the evaporator by the homogenizer 
(kaleidoscope). The control system activated the DC power supplies to start pre-
cooling (adsorber bed) and pr-heating (desorber bed) the beds at the start of switching 
time (after delay time).  The control valve “A” allowed vaporized refrigerant to enter 
into pre-cooled bed (adsrober bed) from the evaporator, at the beginning of operation 
time. At the same time, valve “D” was also opened to release desorbed refrigerant to 
the condenser, where the desorbed refrigerant was condensed and heat was rejected to 
the environment. Finally, condensed refrigerant flowed back to the evaporator via 
metering valve and the U-bend tube (All valves are labeled in Figure 4.2).  Cool and 
hot water are fed to the reactor beds through copper tubes. The temperature of cooling 
water and water for regeneration is controlled by two water baths, one for cooling and 
the other for heating. The cooling temperature is set as 15oC and the heating 
temperature is set as 65oC. 
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Figure 4.2 Schematic diagram of a prototyped EAC (All valves and 
thermoelectric junctions are labeled)  
       At the end of this operation time, the control system closed all the electro-
pneumatic valves and the polarity of DC power supply was changed during the delay 
period. The bed, which was cooled in the previous cycle, was heated sufficiently, 
whilst the other bed, that acted as a desorber in the previous cycle was cooled down 
sufficiently, such that they could resume the roles of adsorption and desorption. The 
control system activated valve “B” and “C” at the beginning of operation time and the 
other two valves “A” and “D” were not activated. After getting cooling effect at the 
evaporator, the evaporated water vapor adsorbed onto silica-gel and the desorbed 
water vapor released to the condenser for condensation. Heat was rejected to the 
environment via a fan and finned heat exchanger. The warm condensate flowed 
backed to the evaporator via metering valve and the U-bend tube. The energy utilizing 
schedule of an Electro-Adsorption Chiller is furnished in Table 4.1.  
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       Table 4.1 Energy utilization schedule for a prototyped EAC 
 First Cycle  Second cycle 
Bed 1 Adsorption Bed Bed 1 Desorption Bed 
 De SW OP  De SW OP 
J1 Cold End J1 Hot End 
Control 
Valves 












Loop 1  V1,V2 Open (to allow 
cool water enter the 
Ads bed) 
Loop 1  V1 V2 Open 
( to allow hot 
water enter 
the Des bed) 
 
Bed 2 Desorption Bed Bed 2  Adsorption Bed 
J2 Hot End J2 Cold End 
Loop 2  V3,V4 Open 
( to allow hot 
water enter 
the Des bed) 
 Loop 2  V3,V4 Open (to allow 




(Reversed current polarity)  
Thermoelectric power 
Legend: 
De  : Delay time                                       SW  : Switching time,                                                             
OP : Operation time                                J1,J2 : Thermoelectric hot or cold junctions 
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       During the experiment, the temperature of the load surface, evaporator, 
adsorption bed, desorption bed and condenser were continuously recorded by the 
(Agilent 34970A) data acquisition system. The Turbo Instrument Controller 
continuously recorded the pressure of the evaporator, the adsorption bed, the 
desorption bed and the condenser. The forward and reverse firing of DC power supply 
to thermoelectric modules was controlled by a switch unit of the control system.  
4.2 Result and discussion 
    The infra-red radiation heater provides uniform heat flux to (4 cm x 4 cm) window 
aperture of evaporator up to 5W/cm2. The heat flux delivery after and before the 
quartz window is accurately calibrated using a water cooled heat flux meter 
(Transducer type: Circular foil heat flux transducer, model: 1000-0 with amp 11, 
Sensor Emissivity: 0.94 at 2 microns, Vatell Corporation). The calibrated results are 
shown in Table 4.2. 
Table 4.2 Heat flux calibration table (refer to Figure 3.7) 
Sensor Output (mv) 
 
Power output (W/cm2) 


























164 3.6 1.01 0.274 4.49 1.22 0.33 
175 4.85 1.27 0.35 6.97 1.95 0.53 
185 5.3 1.45 0.49 8.86 2.35 0.8 
196 5.72 1.65 0.66 9.68 2.78 1.11 
207 6.3 1.85 1.01 11.07 3.25 1.78 
218 7.2 2.03 1.22 13.3 3.75 2.26 
229 8.1 2.35 1.7 15.55 4.51 3.26 
240 8.9 2.52 1.9 17.54 4.97 3.75 
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The Coefficient of Performance (COP) of EAC is determined by Equation 4.1 
P
QCOPNET
∆=                                                                                                        (4.1) 
LOSSEVAP QQQ −=∆                                                                                        (4.2) 
( ) ( )
dt
dTcmcmcmcmqAQ ffwwqqss +++−′′×=∆                                        (4.3) 
VdttIP t )(0∫=                                                                                                 (4.4) 




dT  ) was achieved from a heat leak test. A simple heat leak test was 
carried out by cooling the well insulated and evacuated evaporator with 400 grams of 
refrigerant to a certain temperature (2oC) using adsorption/desorption effect of the 
reactor beds and, letting heat up to ambient temperature naturally. Temperatures are 
recorded at every second. The temperature gradient time history obtained is shown in 
Figure 4.3. At the load surface temperature of 23oC the gradient is 0.000751oC/s and 
the equivalent heat leak to the ambient is estimated to about 2% of total power input 








0 7000 14000 21000 28000 35000 42000 49000
 
Figure 4.3 Temperature gradient of heat leak test 
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The net Infra-Red radiant flux is absorbed by the copper foam in the evaporator 
and boiling is occurred instantly when sufficient superheat is achieved. A picture of 
high rate of low-pressure pool boiling at the power 4.85 W/cm2 and pressure 1.5 kPa 
is shown in Figure 4.4(b). At this power, temperature of heat source is distributed 
uniformly (as shown in Figure 4.4(a), nine images of the heater (real heater is at the 
center) with even distribution of the heater throughout the entire load surface area by 
optical mean) and ensure a constant and uniform heat flux throughout the load surface 






                       (a)                                                            (b) 
Figure 4.4 (a) Images of heat source in the Kaleidoscope and    
                 (b)Water boiling under low pressure (1.5kPa)  
Figure 4.5 shows the experimental temperature histories of the reactors (the 
adsorber and the desorber), condenser, evaporator and the load for the cyclic steady 
state operation at the standard operating condition (net input voltage 22 volts, average 
current 6 amp, delay 1s, switching time 100s and operation time 600s ). It is observed 
that the evaporator (vapor) temperature plunges rapidly during the first half-cycle to 
18.8oC whilst the inner surface temperature of quartz (load surface temperature) is 
24oC. At the full rating conditions of 4.85 W/cm2, steady state performances are 
reached within two full cycles with load surface temperature stabilizes at 23.2oC and 
the evaporator is at 18.6oC  
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Figure 4.5 The temperature history of EAC (Switching and cycle time are 100s 
and 600s, respectively). 
 
Figure 4.6 shows the typical current profile during a half-cycle operation of the 
Electro-Adsorption Chiller. The sharp jump of the current I (t) at the initial stage (10s) 
is due to the thermal inertia effects of the cold end of the thermoelectric and the 
previously designated desorber bed. Hence a lot of energy is required initially to 
overcome this thermal inertia and the thermal mass of copper plates and the heat 
exchanger. After overcoming the thermal inertia effects having the hot junction 
sufficiently heat up and the cold junction sufficiently cool down through regenerative 







































Heat recovery taking 
place during this 
interval 
     Figure 4.6 DC current profile of EAC for the first half- cycle. 
  
     Figure 4.7 represents COPeac and the load surface temperature as functions 
of cycle time. At low cycle time of 400s the COP goes to as high as 0.848 and the 
temperatures of the load surface and evaporator rises. This is because at short a cycle 
time for example, tens of seconds, the adsorbent (silica-gel) in the bed can not reach 
its potential (incomplete adsorption or desorption). Correspondingly power 
consumption due to higher frequency of switching (produce no cooling) and hence, 
COP is lower. As the external heat flux remains the same, the loss of cooling in EAC 
will give rise to higher temperature in evaporator. At long cycle time COP is lower 
because it is reduced by (i) the saturation phenomenon of adsorption and (ii) heat leak 
from the ambient. There exists a region in between these extremes where COP is 
found to have a broad optimum, as seen in Figure 4.7.  






































 Cycle Time (s) 
Fig 4.7 COP , T , T  as functions of cycle time (COP  = net coefficient of 
performance, T load  = the load temperature and T  = evaporator temperature) 




The load and evaporator temperatures as function of cooling load have been 
plotted in Figure 4.8. The input cooling load (developed from the infra-red radiant 
heater) is performed at the optimum cycle time, and the input thermoelectric power of 
148 W. The water vapor temperature and the load temperature (inner surface of the 
quartz) increase at higher heat flux because the high heat flux creates higher enthalpy 
of evaporation and higher evaporator pressure although the input power is constant. 
From experimental observation, the inner surface temperature of quartz is maintained 





















































4.3 Vapor absorbed quality of silica-gel and heat transfer coefficient of           
evaporator calculations       
      The adsorption characteristics of water vapor on silica gel are essential data in 
determining the energetic performance of adsorption chillers. Six average 
temperatures (306K, 317K, 333K and 341K) are achieved, when the adsorption and 
desorption temperatures of half cycle time at steady state are divided into three 
regions. The adsorption isotherms are employed in the Toth’s correlation [36] to 
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Figure 4.9 Temperature profiles of EAC at steady state (half-cycle time) 
 
The form of Tóth’s equation is given in [36] as: 
[ ]{ } ttadsmads PRTHqKPRTHKq /11010 )/exp(/1/)/exp( ∆+∆=                              (4.5) 
where q is the adsorbed quantity of absorbate by the adsorbent under equilibrium 
conditions,  ( = 0.45  kg.kgmq
-1) denotes the monolayer capacity, is the equilibrium 
pressure of the adsorbate in the gas phase, T is the equilibrium temperature of the gas 
phase adsorbate, 
1P
R  ( = 0.46188  J kg-1K-1, for water vapor) is the gas constant, 
( = 2.693× 10Hads∆ 3 kJ.kg-1) is the isosteric enthalpy and t ( = 12) is the 
dimensionless Tóth’s constant [15]. The amount of absorbate adsorbed by Silica-gel 
was estimated by Equation 4.5. From Figure 4.10, q∆  is 0.15 kg.kg-1 
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(  = 0.24 -0.09 ) and the amount of water refrigerant for the adsorption 
or desorption process at the equilibrium state is estimated as 45 grams (0.15kg.kg
desads qqq −=∆
-1× 
























qdes ( Pcond ,Tdes)  
P1 / kPa 
      Figure 4.10 Adsorption isotherm characteristic of silica-gel +water during 
steady state operation of an electro-adsorption chiller 
The overall heat transfer coefficient (U) of the evaporator (10794.5 W/ m2.K) for 
COP 0.86 is obtained when the temperature difference between load surface and 
evaporator temperatures at the steady state, ∆T, is introduced into equations 4.7. 
Q∆  = UA ∆T                                                                                                        (4.6) 
U     =  / A ∆T                                                                                                  (4.7) Q∆
where   (125.35W) is the net power obtained from the heat source (from equation 
4.3), A is the heat transfer area (2.581×10
Q∆
-3 m2 ) and ∆T (4.5K) is the temperature 
difference between load surface and evaporator temperature at steady state (shown in 
Figure 4.9).  
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4.4 Concluding remarks 
1. At the delay, switch time and operation time of 1s, 100s and 600s, the COP 
of EAC is 0.86 and it is close to the maximum theoretical expected COP of 



















2. At this COP, the heat flux at the evaporator is 4.85 W/ cm2 and EAC 
maintains the load surface and evaporator temperatures at 23.2oC and 18.6oC. 
3.  At the steady state condition, the amount of vapor absorbed by silica-gel and 
the maximum overall heat transfer coefficient of the evaporator are estimated 
as 0.15  kg.kg-1 and 10794.5 W/ m2.K, respectively. 
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Chapter 5. Conclusion and recommendations  
  5.1 Conclusion  
The first prototype of an electro-adsorption chiller (EAC) has been successfully 
designed and fabricated. The heat delivery system, namely, the tapered Kaleidoscope 
device, provides a uniform heat flux at the evaporator and it is able to deliver a range 
of uniform flux up to 4.9 W/cm2. Experiments have conducted over a broad range of 
cycle time from 500s to 700s whilst the switching time is held constant. At the 
designed heat flux, i.e. 4.9W/cm2, the EAC has been demonstrated to cool with a load 
surface temperature below that of the ambient by as much as 8K, i.e. about 23 oC, a 
region of operation cannot be achieved by the thermoelectric cooler (due to high flux) 
and the passive cooling devices. It has observed that the COPs of EAC are excellent, 
about 0.8-0.86, which close to the maximum COPs of EAC of 1.105. The high COP 
of EAC can be attributed to two factors, namely (i) the EAC cycle has no moving 
parts and (ii) the excellent heat recovery by the thermoelectric during early part of 
switching interval.   
 
5.2 Recommendations  
 
1. Enhancement of performance of EAC can be achieved by introducing mass 
recovery technique during the switching interval. 
2. The bench-scale EAC can be improved by miniaturizing the key components 
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Appendix A. COP calculation 
 
 
Calculation of Coefficient of Performance of EAC for the following settings  
Delay                    – 1s 
Switching time     – 100s 
Operation time     – 600s 
Refrigerant           – 400 grams 
 
COP of EAC is calculated by  
P
QCOPNET
∆=              
 Total heat absorbed by evaporator 
LOSSEVAP QQQ −=∆  
( ) ( )
dt
dTcmcmcmcmqAQ ffwwqqss +++−′′×=∆                                                                           
       = [(2×2.54)2 × 4.97] + [(3.5 ×500) + (0.5 ×733) + (0.4 ×4180) + (0.2 ×386)] × 
0.000751 (load temperature is lower than ambient temperature, therefore heat     
is absorbed by the evaporator) 
       = 125.35 or 125 W 
DC power consumed by thermoelectric modules 
VdttIP t )(0∫=   
    = 6.648536 ×22.005  
= 146.301 or 146 W  
The Coefficient of Performance of EAC  
NETCOP =125/146 
              = 0.856 or 0.86 
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Appendix B. Pictures of fabrication parts 
 
 
       
(a)                                                  (b) 







                                                                             
(a)                                         (b)                                            (c) 
            
(d)                                               (e)                                          (f) 
Figure A.3 (a) Coolant loop circuit (b) Condenser fan (c) VATELL AMP 11 Heat 
Flux Sensor (d) A YSI thermister  (e) A BOC Edwards pressure transducer and 
(f) Electrical lead through 
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Appendix B. Pictures of fabrication parts 
 
 
       
                            (1)                                          (2)                                        (3)                
 
                              (4)                                          (5)                               (6)                        
 
(7)                                           (8)                                    (9) 
 
(10)                                       (11) 
Figure A.4 Components used in EAC connections [(1) Flexible hose (2) “Y” 
connection  (3) Tee (4)  Special fitting (5) DN 10 cross (6) Diaphragm valve 
 (7) Quartz tube and its fittings (8) Connector (9) Metering valve and  
(10) Convolute tube and O-ring fitting (11) Solenoid valve] 
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0 29.46 25.322 30.476 47.412 37.836 23.3 10.3 11 
10 29.577 25.413 30.467 48.087 37.989 23.4 10.4 11.1 
20 29.648 25.507 30.448 49.493 37.967 23.3 10.5 11.1 
30 29.745 25.597 30.425 51.334 37.441 23.2 10.6 11.2 
40 29.818 25.683 30.402 53.181 36.697 23 10.7 11.3 
50 29.895 25.768 30.378 54.877 35.907 22.9 10.8 11.4 
60 29.971 25.855 30.359 56.388 35.144 22.8 10.9 11.5 
70 30.057 25.938 30.345 57.46 34.608 22.7 11 11.6 
80 30.124 26.021 30.33 58.726 33.91 22.7 11.1 11.7 
90 30.198 26.1 30.318 60.056 33.292 22.7 11.2 11.8 
100 30.265 26.18 30.311 61.358 32.717 22.6 11.3 11.9 
110 30.351 26.264 30.301 62.599 32.164 22.5 11.4 12 
120 30.412 26.341 30.292 63.764 31.654 22.5 11.5 12.1 
130 30.472 26.418 30.282 64.835 31.175 22.6 11.6 12.2 
140 30.549 26.493 30.267 65.835 30.739 22.4 11.7 12.4 
150 30.619 26.568 30.251 66.761 30.319 22.5 11.8 12.5 
160 30.687 26.646 30.24 67.612 29.932 22.4 11.9 12.6 
170 29.603 25.485 31.097 68.222 29.992 22.4 12.1 12.7 
180 28.027 23.582 31.218 68.263 31.755 22.3 12.2 12.9 
190 27.157 22.728 31.272 68.211 33.166 22.2 12.3 13 
200 26.624 22.227 31.298 68.17 33.954 22.3 12.5 13.1 
210 26.238 21.864 31.324 68.159 34.308 22.2 12.6 13.2 
220 25.956 21.568 31.353 68.192 34.403 22.4 12.7 13.4 
230 25.7 21.304 31.362 68.244 34.346 22.2 12.8 13.5 
240 25.476 21.102 31.389 68.318 34.213 22.2 13 13.6 
250 25.299 20.918 31.389 68.417 34.03 22.1 13.1 13.7 
260 25.136 20.754 31.43 68.522 33.837 22.4 13.2 13.8 
270 24.979 20.594 31.454 68.653 33.635 22.1 13.3 14 
280 24.842 20.454 31.471 68.78 33.436 22.1 13.5 14.1 
290 24.699 20.306 31.488 68.914 33.232 22.1 13.6 14.2 
300 24.572 20.172 31.519 69.052 33.038 22.1 13.7 14.3 
310 24.457 20.052 31.541 69.197 32.853 22.2 13.9 14.5 
320 24.33 19.943 31.594 69.351 32.673 22.1 14 14.6 
330 24.204 19.826 31.647 69.519 32.51 22 14.1 14.8 
340 24.107 19.698 31.684 69.681 32.352 22.2 14.3 14.9 
350 23.968 19.571 31.7 69.843 32.215 22 14.4 15 
360 23.897 19.442 31.729 70.006 32.085 15.2 22.1 14.5 
370 23.792 19.32 31.747 70.171 31.962 22.1 14.7 15.3 
380 23.639 19.187 31.732 70.334 31.853 22 14.8 15.4 
390 23.543 19.075 31.766 70.491 31.747 22 15 15.6 
400 23.406 18.954 31.816 70.651 31.646 22.1 15.1 15.7 
410 23.326 18.863 31.834 70.822 31.542 22 15.3 15.9 
420 23.173 18.769 31.847 70.988 31.431 22 15.4 16 
430 23.09 18.69 31.841 71.153 31.324 22.1 15.5 16.2 
440 23.02 18.611 31.837 71.308 31.213 22.3 15.4 21.7 
450 22.911 18.541 31.826 71.465 31.107 22.6 14.4 29.5 
460 22.885 18.479 31.852 71.622 30.998 22.9 13.2 31.5 
470 22.811 18.414 31.861 71.782 30.902 23.1 12.2 32 
480 22.77 18.366 31.881 71.942 30.804 23.3 11.4 32.5 
490 22.65 18.301 31.888 72.105 30.717 23.4 10.8 32.7 
500 22.633 18.243 31.887 72.27 30.63 23.6 10.3 32.8 
510 22.58 18.193 31.888 72.425 30.537 23.7 9.9 32.8 
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520 22.503 18.138 31.878 72.582 30.45 23.9 9.57 33.1 
530 22.458 18.094 31.887 72.734 30.352 24 9.3 33.3 
540 22.449 18.057 31.9 72.894 30.265 23.2 20.8 40.1 
550 22.374 18.021 31.899 73.057 30.172 22.4 23.7 40.2 
560 22.319 17.986 31.9 73.217 30.085 22.2 23.8 39.9 
570 22.286 17.945 31.908 73.377 29.998 21.9 24.1 39.5 
580 22.287 17.914 31.884 73.534 29.919 21.9 24.1 39 
590 22.272 17.89 31.87 73.683 29.84 21.7 24.3 38.5 
600 22.236 17.86 31.861 73.84 29.763 21.6 24.2 38 
610 22.198 17.838 31.852 73.989 29.684 21.5 24.5 37.5 
620 22.192 17.817 31.843 74.135 29.619 21.2 24.9 37 
630 22.154 17.796 31.84 74.295 29.548 21.2 24.8 36.7 
640 22.122 17.78 31.855 74.45 29.485 21.2 24.7 36.3 
650 22.127 17.764 31.849 74.607 29.423 21 24.7 36 
660 22.144 17.751 31.835 74.758 29.36 21 24.5 35.8 
670 22.111 17.732 31.834 74.913 29.297 21 24.5 35.6 
680 22.064 17.721 31.834 75.065 29.235 20.9 24.5 35.4 
690 22.074 17.711 31.822 75.222 29.178 20.8 24.4 35.2 
700 22.05 17.694 31.832 75.379 29.126 20.8 24.3 35.1 
710 22.017 17.684 31.834 75.539 29.066 20.8 24.3 35 
720 22.047 17.677 31.791 75.691 29.009 20.8 24.3 34.8 
730 22.068 17.67 31.776 75.837 28.954 20.8 24.3 34.8 
740 22.013 17.661 31.77 75.989 28.902 20.6 24.3 34.7 
750 22.088 17.769 31.776 76.143 28.859 20.6 24.3 34.6 
760 22.133 17.796 31.764 76.292 28.853 20.6 24.3 34.5 
770 22.226 17.932 31.666 75.876 28.9 20.6 24.3 34.5 
780 22.541 18.234 31.49 71.821 30.145 20.6 24.3 34.5 
790 22.748 18.454 31.351 67.45 33.36 20.6 24.3 34.4 
800 22.964 18.658 31.246 63.591 37.332 20.6 24.3 34.3 
810 23.131 18.838 31.18 60.388 41.463 20.6 24.3 34.3 
820 23.293 19.006 31.145 57.784 44.982 20.6 24.3 34.3 
830 23.466 19.158 31.112 55.671 47.756 20.5 24.3 34.2 
840 23.616 19.304 31.07 53.947 49.999 34.2 20.5 24.2 
850 23.787 19.444 31.033 52.508 51.854 20.5 24.3 34.1 
860 23.91 19.594 30.998 51.28 53.427 20.4 24.3 34.1 
870 23.765 19.329 31.809 50.298 54.661 20.5 24.3 34.1 
880 23.367 18.787 32.335 49.934 55.443 20.5 24.3 34.1 
890 22.997 18.549 32.623 49.63 56.086 20.5 24.3 34 
900 22.77 18.398 32.88 49.277 56.677 20.5 24.3 34 
910 22.633 18.264 33.103 48.894 57.226 20.5 24.3 34 
920 22.504 18.127 33.332 48.506 57.732 20.6 24.3 34 
930 22.394 18.029 33.523 48.117 58.199 20.5 24.4 34 
940 22.252 17.948 33.7 47.734 58.641 24.4 20.4 34 
950 22.227 17.872 33.865 47.34 59.053 24.4 20.6 34 
960 22.103 17.808 34.017 46.966 59.446 20.5 24.4 33.9 
970 22.081 17.759 34.15 46.602 59.808 20.5 24.4 33.9 
980 22.041 17.706 34.258 46.252 60.16 20.6 24.4 33.9 
990 21.98 17.646 34.374 45.901 60.476 20.6 24.5 33.9 
1000 21.941 17.596 34.48 45.584 60.794 20.6 24.5 33.8 
1010 21.881 17.552 34.561 45.267 61.08 20.6 24.5 33.8 
1020 21.873 17.515 34.649 44.949 61.369 20.6 24.6 33.8 
1030 21.85 17.468 34.745 44.657 61.641 20.6 24.6 33.8 
1040 21.773 17.43 34.836 44.375 61.907 20.6 24.6 33.8 
1050 21.76 17.396 34.91 44.099 62.165 20.6 24.6 33.8 
1060 21.787 17.361 35.003 43.828 62.415 20.6 24.7 33.7 
1070 21.657 17.332 35.088 43.579 62.649 20.7 24.8 33.7 
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1080 21.655 17.304 35.141 43.33 62.89 20.6 24.8 33.7 
1090 21.59 17.284 35.198 43.092 63.107 20.7 24.9 33.7 
1100 21.609 17.266 35.237 42.862 63.313 20.8 24.9 33.7 
1110 21.623 17.25 35.283 42.643 63.528 20.8 24.9 33.7 
1120 21.546 17.236 35.319 42.43 63.723 20.8 25 33.7 
1130 21.589 17.222 35.358 42.22 63.879 20.8 25 33.7 
1140 21.567 17.209 35.397 42.027 64.044 20.9 23 33.1 
1150 21.599 17.194 35.429 41.831 64.217 21.2 20.6 32.1 
1160 21.595 17.182 35.471 41.645 64.387 21.4 20.6 32.2 
1170 21.56 17.176 35.535 41.455 64.558 21.5 21.6 32.3 
1180 21.528 17.166 35.613 41.28 64.725 21.8 22.8 32.5 
1190 21.519 17.154 35.734 41.1 64.896 21.9 24.5 32.6 
1200 21.514 17.15 35.851 40.934 65.052 22.1 26.3 32.7 
1210 21.562 17.144 35.94 40.768 65.212 22.2 28 32.9 
1220 21.509 17.137 36.009 40.605 65.357 22.3 29.6 33 
1230 21.479 17.128 36.048 40.449 65.503 22.5 31.2 33.1 
1240 21.482 17.122 36.079 40.297 65.651 22 32.8 33.3 
1250 21.503 17.113 36.102 40.155 65.802 21.7 33.7 34.2 
1260 21.477 17.111 36.121 40.019 65.937 21.6 34.1 34.7 
1270 21.513 17.11 36.137 39.883 66.066 21.6 34.2 34.9 
1280 21.438 17.109 36.15 39.735 66.195 21.8 34.2 34.8 
1290 21.484 17.105 36.157 39.607 66.319 21.8 34.2 34.8 
1300 21.474 17.086 36.158 39.487 66.442 21.8 34.2 34.8 
1310 21.48 17.09 36.157 39.373 66.563 21.8 34.1 34.7 
1320 21.452 17.082 36.151 39.256 66.689 21.8 34.1 34.7 
1330 21.465 17.083 36.141 39.141 66.816 21.8 34 34.6 
1340 21.471 17.083 36.13 39.027 66.934 21.8 34 34.6 
1350 21.461 17.095 36.116 38.91 67.047 21.9 34 34.6 
1360 21.481 17.098 36.102 38.795 67.17 34.6 21.9 34.1 
1370 21.517 17.104 36.086 38.686 67.283 21.9 34.1 34.7 
1380 21.506 17.108 36.07 38.577 67.398 22 34.2 34.7 
1390 21.512 17.114 36.047 38.468 67.502 22 34.2 34.8 
1400 21.526 17.124 36.027 38.362 67.615 22 34.3 34.9 
1410 21.579 17.131 36.004 38.259 67.725 21.9 34.3 34.9 
1420 21.541 17.141 35.983 38.155 67.838 22.1 34.5 35 
1430 21.52 17.149 35.958 38.06 67.942 22 34.6 35.1 
1440 21.537 17.158 35.931 37.964 68.057 22.1 34.6 35.2 
1450 21.651 17.164 35.906 37.875 68.173 35.3 22.1 34.8 
1460 21.584 17.179 35.881 37.776 68.291 22.2 34.8 35.4 
1470 21.602 17.222 35.848 37.695 68.445 22.2 35 35.5 
1480 21.873 17.535 35.736 39.471 64.22 22.3 35.1 35.6 
1490 22.114 17.759 35.576 43.839 59.819 22.3 35.2 35.8 
1500 22.316 17.955 35.386 48.054 56.119 22.3 35.3 35.9 
1510 22.51 18.142 35.18 51.764 53.047 22.3 35.5 36 
1520 22.701 18.322 34.964 54.981 50.511 22.4 35.6 36.1 
1530 22.85 18.485 34.74 57.787 48.388 22.4 35.8 36.3 
1540 23.035 18.631 34.533 60.218 46.605 22.5 35.9 36.5 
1550 23.141 18.773 34.323 62.36 45.1 22.5 36.1 36.6 
1560 23.288 18.918 34.117 64.228 43.817 22.6 36.2 36.8 
1570 23.434 19.062 33.947 65.821 42.717 22.6 36.4 36.9 
1580 23.646 19.153 34.153 66.008 41.757 22.7 36.6 37.1 
1590 23.602 19.192 34.199 65.731 40.915 22.7 36.7 37.3 
1600 23.543 19.153 34.189 65.475 40.209 22.7 36.9 37.4 
1610 23.417 19.099 34.161 65.302 39.618 22.8 37.1 37.6 
1620 23.339 19.018 34.125 65.22 39.106 22.8 37.4 37.9 
1630 23.255 18.933 34.086 65.198 38.662 22.9 37.5 38.1 
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1640 23.219 18.851 34.045 65.223 38.259 22.9 37.8 38.3 
1650 23.16 18.76 34.003 65.275 37.885 23 38 38.5 
1660 23.097 18.679 33.96 65.346 37.55 23 38.3 38.7 
1670 22.981 18.6 33.919 65.451 37.242 23.1 38.5 39 
1680 22.899 18.515 33.878 65.547 36.954 23.1 38.7 39.2 
1690 22.819 18.44 33.839 65.657 36.676 23.2 39 39.5 
1700 22.784 18.363 33.803 65.788 36.406 23.2 39.3 39.7 
1710 22.846 18.489 33.77 65.928 36.158 23.3 39.5 40 
1720 22.819 18.456 33.741 66.069 35.924 23.3 39.8 40.3 
1730 22.77 18.393 33.713 66.214 35.719 23.4 40.1 40.6 
1740 22.694 18.322 33.685 66.352 35.493 23.5 40.4 40.9 
1750 22.643 18.274 33.659 66.492 35.289 41.2 23.5 40.7 
1760 22.594 18.204 33.633 66.629 35.104 23.6 41 41.5 
1770 22.481 18.142 33.607 66.772 34.918 23.6 41.3 41.9 
1780 22.457 18.084 33.581 66.917 34.736 23.6 41.7 42.1 
1790 22.452 18.024 33.558 67.06 34.564 23.7 42 42.5 
1800 22.336 17.97 33.537 67.214 34.387 23.8 42.3 42.9 
1810 22.314 17.911 33.514 67.36 34.221 23.8 42.6 43.1 
1820 22.274 17.864 33.494 67.508 34.06 23.9 43 43.5 
1830 22.258 17.814 33.476 67.665 33.905 23.9 43.3 43.8 
1840 22.195 17.769 33.46 67.821 33.749 24.1 43.7 42.5 
1850 22.146 17.721 33.443 67.983 33.608 24.3 35.7 36.3 
1860 22.113 17.676 33.429 68.14 33.458 24.4 30 35.3 
1870 22.016 17.638 33.412 68.296 33.322 24.6 26.8 35.2 
1880 22.033 17.592 33.396 68.45 33.174 24.7 24.9 35.3 
1890 21.992 17.549 33.38 68.598 33.036 24.9 23.6 35.4 
1900 21.915 17.512 33.365 68.752 32.899 25 22.5 35.6 
1910 21.903 17.48 33.35 68.912 32.763 25.2 21.6 35.8 
1920 21.85 17.443 33.334 69.071 32.638 25.4 20.5 35.9 
1930 21.889 17.476 33.319 69.222 32.496 25.5 19.4 36 
1940 21.953 17.51 33.303 69.376 32.346 25.6 18.4 36.1 
1950 21.943 17.514 33.286 69.524 32.21 23.8 26.4 39.3 
1960 21.954 17.491 33.268 69.684 32.098 23.7 26.8 39.5 
1970 21.918 17.472 33.25 69.838 31.995 23.7 27 39.4 
1980 21.908 17.454 33.234 69.992 31.897 23.6 27.6 39.1 
1990 21.897 17.441 33.218 70.147 31.796 23.5 27.6 38.7 
2000 21.852 17.426 33.201 70.306 31.709 23.5 27.7 38.4 
2010 21.856 17.411 33.183 70.464 31.611 23.4 27.6 38 
2020 21.856 17.393 33.167 70.615 31.526 23.4 27.7 37.7 
2030 21.8 17.38 33.151 70.773 31.431 23.5 27.7 37.4 
2040 21.85 17.366 33.133 70.927 31.349 23.4 27.8 37.2 
2050 21.773 17.349 33.115 71.087 31.254 23.5 27.7 37 
2060 21.736 17.342 33.098 71.242 31.172 23.4 27.8 36.8 
2070 21.787 17.331 33.08 71.402 31.093 23.4 27.8 36.6 
2080 21.772 17.319 33.066 71.562 31.014 23.4 27.8 36.5 
2090 21.737 17.313 33.048 71.719 30.943 23.4 27.8 36.4 
2100 21.715 17.306 33.031 71.873 30.869 23.4 27.9 36.3 
2110 21.722 17.295 33.013 72.025 30.793 23.4 27.9 36.2 
2120 21.707 17.288 32.996 72.179 30.722 23.4 27.9 36.2 
2130 21.685 17.281 32.978 72.339 30.654 23.4 28 36.1 
2140 21.712 17.276 32.96 72.494 30.581 23.4 27.9 36.1 
2150 21.717 17.27 32.942 72.651 30.51 23.4 27.9 36 
2160 21.739 17.266 32.922 72.806 30.45 23.3 27.9 36 
2170 21.684 17.265 32.904 72.96 30.39 23.4 27.9 36 
2180 21.906 17.569 32.843 70.679 30.962 23.4 28 36 
2190 22.176 17.789 32.772 66.558 33.809 23.4 28 36 
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2200 22.403 17.987 32.693 62.632 37.962 23.4 28 36 
2210 22.56 18.166 32.611 59.286 42.199 23.7 25.1 34.8 
2220 22.742 18.337 32.525 56.537 45.888 23.9 27.2 34.5 
2230 22.863 18.498 32.435 54.325 48.815 24.1 24.3 34.6 
2240 23.042 18.648 32.343 52.533 51.127 24.3 25 34.8 
2250 23.19 18.8 32.249 51.061 53.061 26.5 24.4 34.9 
2260 23.334 18.942 32.157 49.819 54.718 24.6 28.5 35.2 
2270 23.465 19.079 32.067 48.788 56.119 24.8 30.6 35.3 
2280 23.14 18.628 32.19 48.079 57.191 24.9 32.5 35.5 
2290 22.886 18.437 32.338 47.625 57.951 25.1 34.4 35.6 
2300 22.709 18.307 32.522 47.19 58.608 25.3 36.2 35.8 
2310 22.575 18.194 32.729 46.78 59.204 25.4 38.1 36 
2320 22.461 18.106 32.93 46.38 59.762 25.6 39.7 36.1 
2330 22.416 18.033 33.11 46 60.256 25.7 41.4 36.2 
2340 22.362 17.976 33.296 45.633 60.701 25.8 43 36.3 
2350 22.304 17.929 33.44 45.286 61.121 26.1 44.5 36.5 
2360 22.243 17.884 33.574 44.947 61.506 26.2 45.8 36.7 
2370 22.204 17.842 33.708 44.624 61.871 26.3 47 36.8 
2380 22.164 17.806 33.836 44.323 62.206 25.5 47 47.5 
2390 22.136 17.774 33.941 44.028 62.533 25.4 46.5 46.9 
2400 22.112 17.749 34.058 43.751 62.849 25.3 46 46.4 
2410 22.124 17.719 34.171 43.48 63.14 25.3 45.6 46 
2420 22.078 17.699 34.273 43.229 63.431 25.5 45.3 45.7 
2430 22.065 17.669 34.336 42.977 63.706 25.6 45.1 45.5 
2440 22.079 17.649 34.397 42.734 63.962 25.6 44.9 45.3 
2450 21.997 17.631 34.466 42.504 64.201 25.6 44.9 45.3 
2460 21.956 17.611 34.521 42.275 64.431 25.7 45 45.3 
2470 21.935 17.59 34.595 42.065 64.648 25.7 45.1 45.5 
2480 21.904 17.57 34.668 41.861 64.871 25.8 45.2 45.6 
2490 21.935 17.543 34.754 41.673 65.071 25.8 45.4 45.8 
2500 21.885 17.513 34.846 41.496 65.277 25.9 45.6 46 
2510 21.88 17.495 34.939 41.316 65.478 25.9 45.9 46.3 
2520 21.883 17.479 35.019 41.15 65.654 26 46.2 46.5 
2530 21.887 17.471 35.088 40.983 65.835 26 46.5 46.9 
2540 21.881 17.466 35.148 40.804 66.003 26.1 46.7 47.1 
2550 21.879 17.465 35.202 40.64 66.184 26.1 47 47.5 
2560 21.859 17.461 35.248 40.474 66.338 47.3 26.1 47.7 
2570 21.88 17.466 35.287 40.305 66.494 26.2 47.6 47.9 
2580 21.884 17.466 35.319 40.152 66.651 26.2 47.8 48.2 
2590 21.858 17.469 35.347 40 66.802 26.3 47.9 48.3 
2600 21.862 17.474 35.368 39.855 66.95 26.4 48 48.3 
2610 21.885 17.469 35.386 39.708 67.093 26.4 48.1 48.4 
2620 21.899 17.46 35.397 39.586 67.236 26.4 48.2 48.6 
2630 21.861 17.459 35.406 39.468 67.376 26.5 48.3 48.6 
2640 21.869 17.456 35.413 39.346 67.519 26.5 48.4 48.8 
2650 21.862 17.454 35.418 39.234 67.656 26.5 48.6 48.9 
2660 21.862 17.451 35.42 39.122 67.783 26.5 48.7 49 
2670 21.89 17.459 35.418 39.008 67.917 26.6 48.8 49.1 
2680 21.903 17.468 35.416 38.891 68.041 26.6 48.9 49.3 
2690 21.909 17.481 35.409 38.776 68.162 26.7 49.1 49.4 
2700 21.918 17.491 35.4 38.667 68.285 26.7 49.2 49.6 
2710 21.901 17.501 35.386 38.55 68.403 26.7 49.3 49.6 
2720 21.904 17.513 35.372 38.441 68.516 26.8 49.4 49.7 
2730 21.954 17.522 35.354 38.34 68.64 26.8 49.5 49.9 
2740 21.943 17.536 35.336 38.24 68.752 26.8 49.6 49.9 
2750 21.949 17.546 35.317 38.139 68.873 26.8 49.6 50 
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2760 22.008 17.563 35.296 38.043 68.989 26.9 49.7 50 
2770 22.056 17.591 35.274 37.94 69.101 26.9 49.8 50.1 
2780 22.086 17.606 35.249 37.834 69.206 26.9 49.9 50.3 
2790 22.08 17.611 35.223 37.746 69.315 26.9 50 50.3 
2800 22.053 17.622 35.196 37.662 69.414 27 50.1 50.4 
2810 22.105 17.642 35.168 37.58 69.524 27 50.3 50.6 
2820 22.072 17.652 35.139 37.499 69.629 27 50.3 50.7 
2830 22.099 17.662 35.107 37.422 69.714 27 50.4 50.8 
2840 22.087 17.676 35.074 37.343 69.804 27 50.5 50.8 
2850 22.108 17.687 35.038 37.267 69.898 27.1 50.5 50.8 
2860 22.159 17.695 34.999 37.199 69.998 27.1 50.5 50.8 
2870 22.139 17.701 34.962 37.128 70.089 27.2 50.4 50.8 
2880 22.221 17.867 34.891 37.321 68.947 27.2 50.4 50.8 
2890 22.475 18.116 34.765 41.177 63.616 27.2 50.5 50.8 
2900 22.72 18.311 34.629 45.863 59.501 27.2 50.6 51 
2910 22.903 18.491 34.479 49.983 56.051 27.2 50.6 51 
2920 23.094 18.649 34.318 53.509 53.2 27.2 50.7 51 
2930 23.229 18.795 34.156 56.542 50.837 27.3 50.6 51 
2940 23.413 18.939 33.99 59.168 48.861 27.3 50.8 51.1 
2950 23.557 19.072 33.821 61.454 47.226 27.4 50.7 51.1 
2960 23.651 19.203 33.653 63.456 45.833 27.4 50.7 51 
2970 23.771 19.333 33.484 65.195 44.635 27.4 50.8 51.1 
2980 23.776 19.323 33.772 66.198 43.625 27.6 51 50.8 
2990 23.761 19.289 33.985 65.898 42.786 27.9 39.8 50.5 
3000 23.696 19.221 34.099 65.486 42.049 28.1 32.8 50.3 
3010 23.591 19.135 34.148 65.181 41.408 28.3 29.1 50.1 
3020 23.496 19.053 34.166 64.995 40.853 28.5 26.8 49.9 
3030 23.38 18.97 34.163 64.907 40.368 28.7 25.4 49.8 
3040 23.286 18.877 34.148 64.876 39.918 29 24.3 49.6 
3050 23.19 18.778 34.127 64.901 39.512 29.1 23.4 49.5 
3060 23.103 18.692 34.099 64.951 39.144 29.3 22.6 49.4 
3070 23.033 18.607 34.07 65.03 38.782 29.5 21.9 49.4 
3080 22.938 18.519 34.037 65.113 38.447 28.1 26 48.7 
3090 22.875 18.44 34.004 65.22 38.131 26.7 29.3 48.7 
3100 22.796 18.359 33.973 65.332 37.839 26 29 49.8 
3110 22.686 18.287 33.942 65.459 37.558 25.7 29.1 51.2 
3120 22.612 18.218 33.913 65.593 37.283 25.6 29.1 52.1 
3130 22.554 18.142 33.887 65.731 37.03 25.6 29.5 52.6 
3140 22.533 18.08 33.862 65.871 36.776 25.5 30.2 52.9 
3150 22.449 18.011 33.839 66.011 36.542 25.6 30.4 53.1 
3160 22.418 17.948 33.816 66.162 36.319 25.7 30.5 53.1 
3170 22.337 17.878 33.795 66.313 36.093 25.9 30.7 53.1 
3180 22.255 17.821 33.775 66.467 35.877 26 30.9 52.9 
3190 22.212 17.766 33.757 66.615 35.67 26.1 31 52.7 
3200 22.205 17.707 33.741 66.772 35.469 26.2 31.1 52.4 
3210 22.116 17.662 33.725 66.931 35.275 26.3 31.2 52 
3220 22.051 17.616 33.71 67.09 35.084 26.3 31.2 51.6 
3230 22.034 17.584 33.697 67.242 34.916 26.3 31.2 51.8 
3240 21.988 17.545 33.684 67.412 34.747 26.3 31.2 52.1 
3250 21.969 17.504 33.669 67.555 34.575 26.4 31.3 52.3 
3260 21.962 17.469 33.656 67.717 34.401 26.4 31.3 52.5 
3270 21.944 17.429 33.641 67.871 34.243 26.4 31.3 52.7 
3280 21.935 17.398 33.625 68.027 34.09 26.5 31.3 52.9 
3290 21.861 17.369 33.61 68.181 33.935 26.6 31.4 53.1 
3300 21.822 17.333 33.594 68.338 33.79 26.6 31.5 53.3 
3310 21.809 17.307 33.579 68.494 33.649 26.6 31.4 53.5 
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3320 21.764 17.285 33.563 68.653 33.51 26.6 31.5 53.6 
3330 21.752 17.258 33.548 68.813 33.379 26.6 31.5 53.7 
3340 21.725 17.234 33.532 68.964 33.251 26.6 31.5 53.8 
3350 21.704 17.206 33.514 69.118 33.117 26.6 31.5 54 
3360 21.651 17.182 33.496 69.271 33.006 26.7 31.6 54.1 
3370 21.639 17.161 33.479 69.434 32.875 26.6 31.6 54.2 
3380 21.64 17.137 33.461 69.59 32.766 26.7 31.6 54.3 
3390 21.59 17.118 33.443 69.747 32.646 26.7 31.6 54.3 
3400 21.6 17.101 33.425 69.909 32.537 26.7 31.6 54.4 
3410 21.605 17.085 33.409 70.069 32.431 26.7 31.6 54.5 
3420 21.582 17.067 33.391 70.238 32.327 26.8 31.6 54.6 
3430 21.559 17.047 33.375 70.392 32.218 26.8 31.7 54.7 
3440 21.569 17.033 33.357 70.549 32.115 26.8 31.7 54.6 
3450 21.541 17.02 33.339 70.712 32.019 26.8 31.7 54.7 
3460 21.539 17.003 33.321 70.877 31.921 26.8 31.7 54.8 
3470 21.485 16.992 33.303 71.035 31.837 26.8 31.7 54.9 
3480 21.499 16.983 33.285 71.2 31.739 26.8 31.7 55 
3490 21.467 16.973 33.268 71.366 31.651 26.9 31.7 55 
3500 21.475 16.963 33.252 71.528 31.567 26.8 31.7 55.1 
3510 21.442 16.95 33.236 71.705 31.477 26.9 31.8 55.3 
3520 21.46 16.938 33.219 71.862 31.401 26.9 31.8 55.4 
3530 21.519 16.931 33.203 72.028 31.316 27.1 32 55.4 
3540 21.469 16.928 33.185 72.193 31.235 27 31.9 55.4 
3550 21.494 16.923 33.167 72.35 31.153 27 32 55.4 
3560 21.425 16.925 33.149 72.51 31.074 27.1 32 55.4 
3570 21.458 16.921 33.131 72.673 31.008 27.1 32 55.4 
3580 21.519 17.061 33.093 72.425 31.022 27.1 32 55.4 
3590 21.817 17.339 33.019 68.763 32.442 27.1 32 55.3 
3600 22.029 17.545 32.933 64.662 36.321 27.1 32.1 55.3 
3610 22.201 17.727 32.843 60.979 40.67 27.2 32.1 55.3 
3620 22.383 17.898 32.751 57.902 44.829 27.2 32.1 55.3 
3630 22.555 18.069 32.654 55.397 48.188 27.2 32.1 55.3 
3640 22.678 18.226 32.554 53.386 50.804 27.2 32.2 55.3 
3650 22.897 18.378 32.455 51.734 52.968 27.2 32.2 55.3 
3660 22.997 18.525 32.358 50.418 54.718 27.3 32.2 55.3 
3670 23.125 18.668 32.258 49.288 56.27 27.3 32.2 55.3 
3680 23.123 18.62 32.211 48.342 57.63 27.5 30.1 54.9 
3690 22.804 18.322 32.266 47.737 58.597 27.8 55.8 54.3 
3700 22.665 18.229 32.349 47.168 59.385 28.1 51 53.9 
3710 22.596 18.15 32.469 46.646 60.058 28.3 43.7 53.4 
3720 22.493 18.074 32.625 46.167 60.646 28.5 42.6 53.2 
3730 22.446 18.012 32.798 45.74 61.171 28.7 43.6 52.9 
3740 22.401 17.954 32.966 45.346 61.66 28.9 45.7 52.8 
3750 22.339 17.905 33.131 44.98 62.102 29.1 48 52.6 
3760 22.297 17.855 33.273 44.629 62.52 29.3 50.4 52.3 
3770 22.251 17.812 33.427 44.315 62.91 29.4 52.8 52.1 
3780 22.211 17.772 33.553 44.014 63.267 28.6 54.2 54.9 
3790 22.153 17.739 33.661 43.724 63.599 27.8 55 55.6 
3800 22.134 17.709 33.754 43.45 63.918 27.8 55 55.6 
3810 22.15 17.684 33.839 43.19 64.206 27.7 54.7 55.3 
3820 22.126 17.661 33.927 42.931 64.495 27.8 54.4 54.9 
3830 22.111 17.634 34.008 42.673 64.761 27.9 54 54.6 
3840 22.114 17.619 34.101 42.438 65.022 27.8 53.7 54.3 
3850 22.094 17.602 34.176 42.207 65.266 27.9 53.5 54 
3860 22.102 17.586 34.256 41.983 65.5 27.8 53.3 53.8 
3870 22.108 17.569 34.353 41.763 65.731 28 53.1 53.6 
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3880 22.106 17.554 34.443 41.555 65.956 28.1 52.9 53.4 
3890 22.069 17.541 34.526 41.354 66.165 28.1 52.8 53.3 
3900 22.065 17.533 34.605 41.171 66.362 28.2 52.6 53.1 
3910 22.085 17.524 34.675 40.994 66.549 28.2 52.4 52.9 
3920 22.037 17.52 34.737 40.817 66.739 28.3 52.5 53 
3930 22.028 17.512 34.798 40.648 66.92 28.3 52.5 53 
3940 22.03 17.511 34.854 40.482 67.096 28.3 52.4 52.9 
3950 22.002 17.499 34.901 40.327 67.261 28.4 52.2 52.7 
3960 22.009 17.487 34.944 40.185 67.415 28.4 52 52.4 
3970 21.971 17.481 34.98 40.051 67.571 28.4 51.7 52.1 
3980 22.027 17.469 35.01 39.91 67.725 28.4 51.5 52 
3990 22.044 17.465 35.035 39.782 67.865 28.4 51.7 52.2 
4000 21.984 17.462 35.054 39.646 68.005 28.3 51.9 52.3 
4010 21.971 17.456 35.068 39.515 68.134 28.4 52 52.4 
4020 21.976 17.457 35.077 39.387 68.272 28.4 52.2 52.6 
4030 21.995 17.456 35.081 39.264 68.395 28.4 52.2 52.7 
4040 21.977 17.455 35.081 39.139 68.527 52.7 28.5 52.3 
4050 22 17.457 35.081 39.022 68.662 28.4 52.4 52.8 
4060 22.003 17.465 35.077 38.899 68.785 28.5 52.4 52.8 
4070 21.99 17.474 35.067 38.785 68.903 28.5 52.5 52.9 
4080 21.956 17.485 35.054 38.673 69.021 28.4 52.7 53.1 
4090 22.03 17.497 35.04 38.567 69.134 28.4 52.7 53.2 
4100 22.075 17.511 35.024 38.455 69.244 28.4 52.7 53.2 
4110 22.025 17.521 35.006 38.346 69.362 28.6 52.8 53.2 
4120 22.109 17.534 34.988 38.242 69.483 28.5 52.9 53.3 
4130 22.071 17.549 34.971 38.136 69.604 28.5 53 53.4 
4140 22.105 17.564 34.949 38.038 69.703 28.6 53.1 53.5 
4150 22.145 17.576 34.928 37.943 69.815 28.5 53.1 53.6 
4160 22.144 17.592 34.903 37.85 69.929 28.6 53.2 53.6 
4170 22.153 17.607 34.877 37.757 70.022 28.6 53.2 53.6 
4180 22.147 17.624 34.848 37.673 70.124 28.6 53.3 53.7 
4190 22.201 17.633 34.818 37.591 70.229 28.6 53.4 53.8 
4200 22.203 17.641 34.783 37.509 70.331 28.6 53.4 53.9 
4210 22.221 17.645 34.747 37.441 70.425 28.5 53.5 53.9 
4220 22.199 17.656 34.718 37.387 70.53 28.6 53.6 54 
4230 22.229 17.675 34.686 37.316 70.635 28.6 53.6 54 
4240 22.262 17.684 34.655 37.251 70.726 28.5 53.6 54 
4250 22.238 17.694 34.624 37.191 70.817 28.6 53.6 54 
4260 22.282 17.706 34.59 37.12 70.902 28.5 53.6 54 
4270 22.287 17.717 34.552 37.057 71.004 28.6 53.6 54 
4280 22.317 17.735 34.511 36.992 71.098 28.5 53.5 53.9 
4290 22.517 18.017 34.413 38.602 67.302 28.6 53.5 53.9 
4300 22.78 18.235 34.286 43.472 62.624 28.6 53.5 53.9 
4310 22.932 18.414 34.145 48.046 58.765 28.6 53.6 54 
4320 23.135 18.576 33.99 51.958 55.504 28.5 53.6 54 
4330 23.284 18.729 33.833 55.282 52.795 28.6 53.6 54 
4340 23.452 18.868 33.672 58.149 50.549 28.6 53.6 54 
4350 23.571 19.007 33.51 60.602 48.697 28.5 53.6 54 
4360 23.707 19.135 33.348 62.769 47.154 28.5 53.6 54.1 
4370 23.819 19.259 33.185 64.665 45.839 28.5 53.7 54.1 
4380 23.933 19.379 33.03 66.305 44.709 28.7 54.1 53.9 
4390 23.688 19.164 33.609 66.563 43.847 29.1 43.8 53.4 
4400 23.589 19.068 33.805 66.137 43.056 29.4 35.8 53.2 
4410 23.48 18.976 33.916 65.758 42.362 29.6 31.7 52.8 
4420 23.358 18.878 33.973 65.503 41.76 29.8 29.2 52.6 
4430 23.267 18.781 34.001 65.365 41.237 30.1 27.5 52.3 
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4440 23.197 18.685 34.008 65.313 40.749 30.2 26.3 52.1 
4450 23.096 18.59 34.003 65.308 40.305 30.5 25.4 52 
4460 22.987 18.507 33.988 65.352 39.891 30.6 24.6 51.9 
4470 22.902 18.414 33.968 65.42 39.501 30.8 23.9 51.7 
4480 22.826 18.329 33.947 65.503 39.139 29.8 25.4 58.2 
4490 22.778 18.244 33.923 65.615 38.798 29.2 32.2 57.3 
4500 22.671 18.157 33.9 65.728 38.477 29.1 32.7 56.5 
4510 22.592 18.077 33.877 65.863 38.163 28.8 33.6 56.4 
4520 22.553 17.997 33.854 65.997 37.877 28.9 33.7 56 
4530 22.46 17.926 33.829 66.126 37.588 29 33.9 55.6 
4540 22.398 17.852 33.806 66.258 37.319 29.1 34 55.2 
4550 22.347 17.789 33.782 66.409 37.065 29.1 34.2 54.8 
4560 22.309 17.731 33.759 66.552 36.823 29.1 34.2 54.5 
4570 22.233 17.682 33.736 66.7 36.586 29.1 34.2 54.2 
4580 22.195 17.626 33.715 66.851 36.362 29.1 34.2 54.2 
4590 22.16 17.581 33.694 67.005 36.142 29.1 34.2 54.5 
4600 22.137 17.525 33.672 67.156 35.926 29.1 34.2 54.9 
4610 22.094 17.477 33.651 67.305 35.719 29.1 34.2 55.2 
4620 22.049 17.437 33.63 67.453 35.518 29.1 34.2 55.4 
4630 22.011 17.396 33.607 67.607 35.327 29.1 34.2 55.6 
4640 21.929 17.355 33.586 67.766 35.139 29.1 34.2 55.8 
4650 21.934 17.312 33.564 67.92 34.951 29 34.2 56.1 
4660 21.881 17.274 33.543 68.077 34.779 29.1 34.2 56.3 
4670 21.849 17.234 33.525 68.244 34.608 29.1 34.2 56.5 
4680 21.82 17.202 33.505 68.401 34.444 29.1 34.2 56.6 
4690 21.735 17.171 33.487 68.568 34.286 56.7 29.1 34.2 
4700 21.739 17.141 33.469 68.73 34.136 56.8 29.1 34.2 
4710 21.756 17.111 33.453 68.89 33.984 29.1 34.2 56.9 
4720 21.682 17.091 33.433 69.046 33.837 29.1 34.2 57.1 
4730 21.645 17.06 33.412 69.206 33.695 29.1 34.2 57.3 
4740 21.59 17.035 33.393 69.368 33.559 29.1 34.2 57.4 
4750 21.617 17.017 33.373 69.53 33.433 29.1 34.2 57.6 
4760 21.587 16.998 33.353 69.694 33.294 34.2 29.1 57.7 
4770 21.583 16.978 33.334 69.851 33.169 29.1 34.2 57.8 
4780 21.585 16.961 33.312 70.009 33.049 29.1 34.2 57.8 
4790 21.588 16.944 33.291 70.166 32.927 29.1 34.3 57.9 
4800 21.567 16.926 33.27 70.334 32.812 29.1 34.3 57.9 
4810 21.524 16.898 33.249 70.497 32.695 29.1 34.3 58 
4820 21.544 16.864 33.227 70.66 32.591 29.1 34.2 58 
4830 21.514 16.846 33.204 70.825 32.488 29.1 34.2 58.1 
4840 21.503 16.831 33.182 70.977 32.384 29.1 34.2 58.1 
4850 21.491 16.815 33.157 71.137 32.278 29.1 34.3 58.1 
4860 21.501 16.806 33.131 71.305 32.175 29.1 34.3 58.2 
4870 21.504 16.799 33.106 71.468 32.079 29.1 34.2 58.1 
4880 21.47 16.791 33.082 71.636 31.989 58.1 29.1 34.2 
4890 21.454 16.783 33.058 71.813 31.899 29.1 34.3 58.2 
4900 21.443 16.776 33.039 71.992 31.812 29.1 34.3 58.2 
4910 21.466 16.774 33.02 72.155 31.73 29.1 34.3 58.2 
4920 21.449 16.767 33.001 72.334 31.643 29.1 34.3 58.2 
4930 21.448 16.763 32.981 72.508 31.559 29.1 34.3 58.2 
4940 21.448 16.762 32.963 72.673 31.474 29.1 34.2 58.1 
4950 21.414 16.764 32.943 72.844 31.401 29.1 34.3 58.1 
4960 21.439 16.764 32.923 73.012 31.324 29.1 34.3 58.1 
4970 21.42 16.767 32.904 73.178 31.248 29.1 34.3 58.1 
4980 21.419 16.771 32.884 73.349 31.169 29.2 34.3 58.1 
4990 21.614 17.046 32.825 71.556 31.567 29.1 34.3 58.1 
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5000 21.83 17.276 32.743 67.442 34.213 29.1 34.3 58 
5010 22.037 17.466 32.649 63.451 38.602 29.2 34.3 57.9 
5020 22.183 17.639 32.551 59.979 43.032 29.2 34.3 58 
5030 22.355 17.806 32.449 57.191 46.829 29.2 34.4 57.9 
5040 22.516 17.968 32.341 54.915 49.792 29.2 34.4 57.9 
5050 22.653 18.124 32.232 53.072 52.18 29.2 34.4 57.9 
5060 22.788 18.272 32.125 51.575 54.122 29.2 34.3 57.8 
5070 22.947 18.42 32.017 50.32 55.824 29.2 34.4 57.8 
5080 23.106 18.558 31.908 49.25 57.331 29 34.2 57.4 
5090 22.812 18.255 31.906 48.465 58.545 56.9 29.8 63.6 
5100 22.706 18.179 31.94 47.803 59.446 30.1 65.6 56.3 
5110 22.625 18.108 32.011 47.176 60.204 30.3 60 55.8 
5120 22.576 18.062 32.126 46.615 60.869 30.5 57 55.4 
5130 22.558 18.014 32.269 46.115 61.443 30.7 56.8 55 
5140 22.455 17.965 32.432 45.663 61.962 30.9 58.2 54.4 
5150 22.433 17.925 32.584 45.245 62.44 31.2 60.3 54.1 
5160 22.379 17.886 32.733 44.865 62.863 31.3 62.5 53.9 
5170 22.353 17.85 32.87 44.512 63.264 31.6 64.9 53.7 
5180 22.293 17.818 32.995 44.181 63.635 31.7 67 53.5 
5190 22.266 17.789 33.113 43.872 63.986 30.7 63.3 63.7 
5200 22.252 17.759 33.229 43.582 64.308 30.9 61.3 61.7 
5210 22.224 17.731 33.324 43.303 64.61 30.9 59.3 59.7 
5220 22.183 17.702 33.429 43.034 64.904 30.9 57.4 57.8 
5230 22.186 17.674 33.533 42.777 65.184 30.8 55.8 56.2 
5240 22.157 17.646 33.627 42.539 65.453 30.8 54.8 55.2 
5250 22.11 17.624 33.72 42.316 65.698 30.8 54.5 54.9 
5260 22.113 17.606 33.82 42.095 65.928 30.8 54.5 54.9 
5270 22.075 17.59 33.916 41.882 66.156 30.8 54.6 55 
5280 22.072 17.58 34.004 41.67 66.365 30.8 54.5 54.9 
5290 22.091 17.572 34.086 41.474 66.566 30.8 54.5 54.9 
5300 22.087 17.569 34.16 41.275 66.764 30.8 54.6 54.9 
5310 22.162 17.569 34.228 41.084 66.953 30.7 54.6 55 
5320 22.119 17.569 34.289 40.896 67.134 30.7 54.5 54.9 
5330 22.113 17.556 34.345 40.724 67.318 30.6 54.5 54.9 
5340 22.091 17.549 34.394 40.556 67.478 30.5 54.6 54.9 
5350 22.111 17.53 34.438 40.4 67.645 55 30.5 54.6 
5360 22.096 17.523 34.475 40.256 67.816 30.4 54.6 54.9 
5370 22.048 17.517 34.51 40.114 67.972 30.4 54.7 55 
5380 22.092 17.511 34.539 39.975 68.126 30.3 54.8 55.1 
5390 22.027 17.508 34.564 39.842 68.277 30.3 55 55.2 
5400 22.069 17.506 34.583 39.708 68.423 30.2 55 55.3 
5410 22.112 17.507 34.601 39.572 68.566 30.1 55 55.3 
5420 22.097 17.511 34.616 39.438 68.697 30.1 55 55.3 
5430 22.077 17.521 34.626 39.313 68.832 30.1 55 55.4 
5440 22.122 17.533 34.631 39.188 68.958 30 55.1 55.4 
5450 22.103 17.548 34.632 39.068 69.079 29.9 55.1 55.4 
5460 22.144 17.559 34.632 38.953 69.206 29.9 55.2 55.4 
5470 22.159 17.57 34.632 38.831 69.332 29.9 55.2 55.5 
5480 22.18 17.581 34.629 38.716 69.458 29.8 55.3 55.5 
5490 22.194 17.583 34.623 38.607 69.582 29.7 55.3 55.6 
5500 22.162 17.576 34.613 38.512 69.686 29.7 55.3 55.6 
5510 22.171 17.582 34.601 38.433 69.796 55.5 29.7 55.3 
5520 22.172 17.586 34.587 38.338 69.904 29.6 55.3 55.5 
5530 22.168 17.593 34.57 38.256 70.011 29.6 55.3 55.5 
5540 22.209 17.603 34.551 38.166 70.116 29.5 55.4 55.6 
5550 22.213 17.619 34.528 38.082 70.224 29.5 55.4 55.6 
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5560 22.242 17.63 34.502 37.997 70.326 29.5 55.4 55.7 
5570 22.284 17.646 34.475 37.907 70.42 29.5 55.4 55.7 
5580 22.273 17.655 34.448 37.82 70.527 29.5 55.4 55.6 
5590 22.284 17.67 34.418 37.738 70.635 55.7 29.4 55.4 
5600 22.316 17.683 34.389 37.665 70.734 29.4 55.4 55.6 
5610 22.308 17.699 34.358 37.583 70.833 29.4 55.4 55.6 
5620 22.316 17.719 34.325 37.501 70.93 29.4 55.5 55.7 
5630 22.356 17.736 34.291 37.417 71.029 29.3 55.5 55.7 
5640 22.374 17.754 34.258 37.34 71.128 29.3 55.5 55.7 
5650 22.4 17.769 34.222 37.261 71.22 29.3 55.5 55.7 
5660 22.431 17.784 34.184 37.191 71.313 29.2 55.5 55.8 
5670 22.413 17.803 34.148 37.125 71.41 29.2 55.5 55.7 
5680 22.432 17.821 34.111 37.052 71.509 29.2 55.5 55.6 
5690 22.525 17.961 34.052 37.079 71.079 29.2 55.5 55.7 
5700 22.765 18.202 33.944 40.681 65.585 29.2 55.6 55.8 
5710 22.933 18.386 33.82 45.642 61.3 55.6 29.2 55.8 
5720 23.131 18.556 33.682 49.953 57.674 29.1 55.5 55.7 
5730 23.237 18.715 33.538 53.611 54.625 29.1 55.5 55.7 
5740 23.383 18.859 33.389 56.724 52.111 29.2 55.6 55.7 
5750 23.53 18.993 33.239 59.405 50.046 29.2 55.5 55.7 
5760 23.697 19.123 33.09 61.739 48.339 29.1 55.5 55.7 
5770 23.792 19.25 32.951 63.772 46.905 29.1 55.5 55.7 
5780 23.938 19.376 32.813 65.56 45.699 29.1 55.5 53.7 
5790 23.845 19.272 33.285 66.813 44.722 29.7 47.7 55 
5800 23.74 19.204 33.311 66.645 43.902 30 38.6 54.7 
5810 23.64 19.114 33.461 66.294 43.136 30.2 33.8 54.4 
5820 23.533 19.031 33.548 66.027 42.463 30.5 30.9 54 
5830 23.465 18.948 33.597 65.885 41.874 30.7 29 53.7 
5840 23.394 18.869 33.623 65.83 41.348 30.9 27.7 53.4 
5850 23.328 18.784 33.636 65.841 40.866 31.1 26.8 53.3 
5860 23.253 18.7 33.64 65.896 40.425 31.3 26 53.1 
5870 23.169 18.62 33.636 65.972 40.013 31.5 25.2 52.9 
5880 23.083 18.536 33.628 66.069 39.637 31.7 24.6 52.8 
5890 23.026 18.457 33.618 66.184 39.27 29.9 33.1 59.7 
5900 22.949 18.383 33.605 66.313 38.932 29.9 33.7 58.8 
5910 22.887 18.309 33.591 66.445 38.613 29.7 34.7 58.2 
5920 22.808 18.248 33.577 66.588 38.297 29.7 34.9 57.7 
 
 66
